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Pretace 


This book is a comprehensive study of the principles and techniques of modern 
digital systems. It is intended for use in two- and four-year programs in technol- 
ogy, engineering and computer science. Although a background in basic electron- 
ics is helpful, the majority of the material requires no electronics training. Those 
portions of the text that utilize electronic concepts can be skipped over without 
adversely affecting the comprehension of the logic principles. 


GENERAL IMPROVEMENTS 


This sixth edition contains several general improvements to the fifth edition. In ad- 
dition to being updated, some of the material has been rewritten for greater clarity 
and thoroughness. Both the quantity and quality of examples, section review ques- 
tions, and end-of-chapter problems have been increased. The presentation of logic 
diagrams has been improved by including labels for intermediate outputs and by at- 
tempting to adhere more closely to the inputs-on-the-left convention. CMOS logic 
has been given more prominence in this edition by virtue of its evolution as the 
principal IC technology in the small- and medium-scale integration applications. 
This has been accomplished while still retaining the substantial coverage of TTL 
logic. 


SPECIFIC CHANGES 


The major changes in the topical coverage are: 


CHAPTER 2 Flowchart for repeated-division method. New section re- 
viewing all conversion methods. 


CHAPTER:S Improved introduction to truth tables. Bi-state logic signals. 
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CHAPTER 4 Strengthened step-by-step design process. Improved treat- 
ment of internal IC faults. 


CHAPTER 5 Added step-by-step procedure for analyzing sequential cir- 
cuits. 


CHAPTER 6 Introduction of the concept of negation. 
COAPTER 7 New material on multistage connections of 74193 counters. 


CHAPTER 8 Increased emphasis on current-sinking action. Updated cov- 
erage of IC packaging. New material on 74F, BiCMOS and LVT Cow-voltage tech- 
nology) integrated circuit families. Enhanced treatment of CMOS including the 
74AC and 74 ACT series and the latch-up condition. Decreased attention to the ob- 
solete wired-AND connection. 


CHAPTER 9 Improved coverage of liquid crystal displays. Expanded pre- 
sentation of data busing concepts and operation. 


CHAPTER 10 New section on an actual digital-to-analog converter IC. Im- 
proved treatment of analog multiplexing. 


CHAPTER 11 New section on flash memory. Updated DRAM refresh 
methods. Flowchart on PLD design, programming, and testing process. New sec- 
tion on special memory functions. 


CLHAPIPR 12 Brand new chapter on applications of a programmable 
logic device using the GAL 16V8 chip and CUPL development software. This chap- 
ter covers the complete design, programming, and testing process on examples 
that can be readily duplicated in the lab, and includes information on hardware 
and software manufacturers/suppliers names, addresses and phone numbers. 


CHAPTER 13 Coverage of basic microprocessor principles is now based 
on the Intel structure (8085). More emphasis on the fetch/execute sequence. 


In addition to these topical improvements, two new features will be helpful 
to users. An IC index is provided to help the reader easily locate material on any 
IC cited or used in the text. The inside front cover contains tables of the most 
often used Boolean algebra theorems, logic gate summaries, and flip-flop truth ta- 
bles for quick reference when doing problems or working in the lab. 


RETAINED FEATURES 


This edition retains all of the features that made the previous editions so widely ac- 
cepted. It utilizes a block diagram approach to teach the basic logic operations with- 
out confusing the reader with the details of internal operation. All but the most basic 
electrical characteristics of the logic ICs are withheld until the reader has a firm un- 
derstanding of logic principles. In Chapter 8 the reader is introduced to the internal 


IC circuitry. At that point, the reader can interpret a logic block’s input and output 
characteristics and “fit” it properly into a complete system. 

The treatment of each new topic or device typically follows these steps: the 
principle of operation is introduced, thoroughly explained examples and applica- 
tions are presented often using actual ICs; short review questions are posed at the 
end of the section; and finally, in-depth problems are available at the end of the 
chapter. Ranging from simple to complex, these problems provide instructors with 
a wide choice of student assignments. These problems are often intended to rein- 
force the material without simple repetition of the principles. They require the stu- 
dent to demonstrate comprehension of the principles by applying them to differ- 
ent situations. This also helps the student develop confidence and expand his or 
her knowledge of the material. 

The IEEE/ANSI standard for logic symbols is introduced and discussed with 
minimum disruption of the topic flow, and, if desired, can be omitted completely 
or in part. The extensive troubleshooting coverage is spread over Chapters 4 
through 11 and includes presentation of troubleshooting principles and_ tech- 
niques, case studies, 25 troubleshooting examples, and 60 real troubleshooting 
problems. When supplemented with hands-on lab exercises, this material can help 
foster the development of good troubleshooting skills. 

The text offers over 200 worked-out examples, more than 400 review ques- 
tions, and over 450 chapter problems/exercises. Some of these problems are appli- 
cations that show how the logic devices presented in the chapter are used in a 
typical microcomputer system. The more difficult problems are flagged to let the 
student know that the solution will require more than the normal amount of 
thought and effort. 

As in the fifth edition, a multi-color layout is employed to highlight important 
elements of both the written material and the diagrams. This not only makes for a 
more attractive look, but it should make it easier to understand what the diagrams 
are showing and should facilitate correlating the text descriptions with the dia- 
grams. 


SHOQUBRNCING 


It is a rare instructor who uses the chapters of a textbook in the sequence in 
which they are presented. In fact, I must admit that, for many reasons, I do not 
use my own books in that way. This book was written so that, for the most part, 
each chapter builds on previous material, but it is possible to alter the chapter se- 
quence somewhat. The first part of Chapter 6 (arithmetic operations) can be cov- 
ered right after Chapter 2 (number systems), although this would produce a long 
interval before the arithmetic circuits of Chapter 6 are encountered. Much of the 
material in Chapter 8 IC characteristics) can be covered earlier (e.g., after Chapter 
4 or 5) without causing any serious problems. 

This book can be used in either a one-term course or in a two-term se- 
quence. When used in one term, it may be necessary, depending on available 
class hours, to omit some topics. Here is a list of sections and chapters that can be 
deleted with minimum disruption. Obviously, the choice of deletions will depend 
on factors such as program or course objectives and student background. 
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PREFACE 


1. Chapter 1: all 
2. Chapter 2: Sections 6 and 7 


3. Chapter 4: Sections 7 and 8; Sec- 
tions 10-14 if troubleshooting is 


6. Chapter 7: Sections 10, 14-23 
7. Chapter 8: Sections 9, 17-22 
8. Chapter 9: Sections 6, 10, 11 
9. Chapter 10: Sections 7, 14-17 


not to be covered 10. Chapter 11: Sections 10, 19-21 
4. Chapter 5: Sections 3 and 25 11. Chapter 12 and 13: all 
5. Chapter 6: Sections 5, 7, 11, 13, 

16, 18, 20 


SUPPLEMENTS 


An extensive complement of teaching and learning tools has been developed to 
accompany this textbook. Each component of this package provides a unique 
function, and each can be used independently or in conjunction with the others. 
This package includes: 


Instructor’s Edition is an exact copy of the student text with worked-out, 
step-by-step solutions to all text problems. 


Lab Manual: A Design Approach, by Gregory Moss, contains topical units 
with lab projects that emphasize simulation and design. It utilizes the CUPL 
software in its programmable logic exercises. 


Lab Manual: A Troubleshooting Approach, by Jim deLoach and Frank 
Ambrosio, offers over 40 experiments with an analysis and troubleshooting 
approach. 

Transparency Masters and Lab Manual Results contains enlarged illustra- 
tions from the text—as well as some additional class examples not in the 
text—for making acetates or hand-outs. Also, includes worked-out lab results 
for both Lab Manuals. 

Student Study Guide provides reinforcement of all of the topics presented 
in the text with over 200 new questions and problems with solutions. 

Test Item File is a hardcopy set of hundreds of questions that can be used 
for tests and quizzes. 

Computerized Test Generator, for on-screen manipulation and editing of 
all test items includes graphics capabilities and a sophisticated function plot- 
ter. A powerful tool. 

DrillMaker, by Coastal Computer Company, is an interactive computer 
program for drilling number systems, Boolean algebra, and Karnaugh map- 
ping. 

CUPL, by Logical Devices, is the software tool used in Chapter 12 in the 
PLD development process. 

Video Library consists of several videos related to text material. 
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OBJECTIVES 


INTRODUC 


NE 


Upon completion of this chapter, you will be able to: 


m Distinguish between analog and digital representations. 


Name the advantages, disadvantages, and major differences among ana- 
log, digital, and hybrid systems. 


m Understand the need for analog-to-digital converters (ADCs) and digital-to- 
analog converters (DACs). 


Convert between decimal and binary numbers. 

Identify typical digital signals. 

Cite several integrated-circuit fabrication technologies. 
Identify a timing diagram. 

State the differences between parallel and serial transmission. 


Describe the property of memory. 


Describe the major parts of a digital computer and understand their func- 
tions. 
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When most of us hear the term digital, we immediately think of “digital calculator” 
or “digital computer.” This can probably be attributed to the dramatic way that 
low-cost, powerful calculators and computers have become accessible to the aver- 
age person. It is important to realize that calculators and computers represent only 
one of the many applications of digital circuits and principles. Digital circuits are 
used in electronic products such as video games, microwave ovens, and automo- 
bile control systems, and in test equipment such as meters, generators, and oscillo- 
scopes. Digital techniques have also replaced a lot of the older “analog circuits” 
used in consumer products such as radios, TV sets, and high-fidelity sound record- 
ing and playback equipment. 

In this book we are going to study the principles and techniques that are 
common to all digital systems from the simplest on/off switch to the most complex 
computer. If this book is successful, you should gain a deep understanding of how 


all digital systems work, and you should be able to apply this understanding to the 
analysis and troubleshooting of any digital system. 

We start by introducing some underlying concepts that are a vital part of digi- 
tal technology; these concepts will be expanded on as they are needed later in the 
book. We also introduce some of the terminology that is necessary when embark- 
ing on a new field of study, and add to it in every chapter. A complete glossary of 
terminology is presented in Appendix I. 


1-1 NUMERICAL REPRESENTATIONS 


In science, technology, business, and, in fact, most other fields of endeavor, we 
are constantly dealing with quantities. Quantities are measured, monitored, 
recorded, manipulated arithmetically, observed, or in some other way utilized in 
most physical systems. It is important when dealing with various quantities that we 
be able to represent their values efficiently and accurately. There are basically two 
ways of representing the numerical value of quantities: analog and digital. 


Analog Representations In analog representation a quantity is repre- 
sented by a voltage, current, or meter movement that is proportional to the value 
of that quantity. An example is an automobile speedometer, in which the deflec- 
tion of the needle is proportional to the speed of the auto. The angular position of 
the needle represents the value of the auto’s speed, and the needle follows any 
changes that occur as the auto speeds up or slows down. 

Another example is the common room thermostat, in which the bending of 
the bimetallic strip is proportional to the room temperature. As the temperature 
changes gradually, the curvature of the strip changes proportionally. 

Still another example of an analog quantity is found in the familiar audio mi- 
crophone. In this device an output voltage is generated in proportion to the ampli- 
tude of the sound waves that impinge on the microphone. The variations in the 
output voltage follow the same variations as the input sound. 

Analog quantities such as those cited above have an important characteristic: 
they can vary over a continuous range of values. The automobile speed can have 
any value between zero and, say, 100 mph. Similarly, the microphone output might 
be anywhere within a range of zero to 10 mV (e.g., 1 mV, 2.3724 mV, 9.9999 mV). 


Digital Representations In digital representation the quantities are rep- 
resented not by proportional quantities but by symbols called digits. As an exam- 
ple, consider the digital watch, which provides the time of day in the form of deci- 
mal digits which represent hours and minutes (and sometimes seconds). As we 
know, the time of day changes continuously, but the digital watch reading does 
not change continuously; rather, it changes in steps of one per minute (or per sec- 
ond). In other words, this digital representation of the time of day changes in dis- 
crete steps, as compared with the representation of time provided by an analog 
watch, where the dial reading changes continuously. 

The major difference between analog and digital quantities, then, can be sim- 
ply stated as follows: 


analog = continuous 
digital = discrete (step by step) 


SECTION 1-1 / NUMERICAL REPRESENTATIONS 
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Because of the discrete nature of digital representations, there is no ambiguity 
when reading the value of a digital quantity, whereas the value of an analog quan- 
tity is often open to interpretation. 


EXAMPLE 1-1 


Which of the following involve analog quantities and which involve digital quan- 
tities? 

(a) Ten-position switch 

(b) Current meter 

(c) Temperature 

(d) Sand grains on the beach 


(e) Radio volume control 


Solution 

(a) Digital 

(b) Analog 

(c) Analog 

(d) Digital, since the number of grains can be only certain discrete Gnteger) val- 
ues and not any value over a continuous range 

(e) Analog 


REVIEW QUESTION* 


Al. Concisely describe the major difference between analog and digital quan- 
| ftes. | _ 


1-2 DIGITAL AND ANALOG SYSTEMS 


A digital system is a combination of devices designed to manipulate physical 
quantities or information that are represented in digital form, that is, they can take 
on only discrete values. These devices are most often electronic, but they can also 
be mechanical, magnetic, or pneumatic. Some of the more familiar digital systems 
include digital computers and calculators, digital audio and video equipment, and 
the telephone system—the world’s largest digital system. 

An analog system contains devices that manipulate physical quantities that 
are represented in analog form. In an analog system, the quantities can vary over a 
continuous range of values. For example, the amplitude of the output signal to the 
speaker in a radio receiver can have any value between zero and its maximum 
limit. Other common analog systems are audio amplifiers, magnetic tape recording 
and playback equipment, and the automobile odometer. 


*Answers to review questions are found at the end of the chapter in which they occur. 
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Advantages of Digital Techniques An increasing majority of applica- 
tions in electronics, as well as in most other technologies, use digital techniques to 
perform operations that were once performed using analog methods. The chief 
reasons for the shift to digital technology are: 


1. Digital systems are generally easier to design. This is because the circuits that 
are used are switching circuits, where exact values of voltage or current are 
not important, only the range (HIGH or LOW) in which they fall. 


2. Information storage is easy. This is accomplished by special switching circuits 
that can latch onto information and hold it for as long as necessary. 


3. Accuracy and precision are greater. Digital systems can handle as many dig- 
its of precision as you need simply by adding more switching circuits. In 
analog systems, precision is usually limited to three or four digits because the 
values of voltage and current are directly dependent on the circuit compo- 
nent values. 


4. Operation can be programmed. It is fairly easy to design digital systems 
whose operation is controlled by a set of stored instructions called a 
program. As technology progresses, this is becoming even easier. Analog sys- 
tems can also be programmed, but the variety and complexity of the avail- 
able operations is severely limited. 


5. Digital circuits are less affected by noise. Spurious fluctuations in voltage 
(noise) are not as critical in digital systems because the exact value of a volt- 
age is not important, as long as the noise is not large enough to prevent us 
from distinguishing a HIGH from a LOW. 


6. More digital circuitry can be fabricated on IC chips. It is true that analog 
circuitry has also benefited from the tremendous development of IC tech- 
nology, but its relative complexity and its use of devices that cannot be 
economically integrated (high-value capacitors, precision resistors, inductors, 
transformers) have prevented analog systems from achieving the same high 
degree of integration. 


Limitations of Digital Techniques There is really only one major 
drawback when using digital techniques: 


The real world is mainly analog. 


Most physical quantities are analog in nature, and it is these quantities that are 
often the inputs and outputs that are being monitored, operated on, and controlled 
by a system. Some examples are temperature, pressure, position, velocity, liquid 
level, flow rate, and so on. We are in the habit of expressing these quantities digi- 
tally, such as when we say that the temperature is 64° (63.8° when we want to be 
more accurate); but we are really making a digital approximation to an inherently 
analog quantity. 

To take advantage of digital techniques when dealing with analog inputs and 
outputs, three steps must be followed: 


1. Convert the real-world analog inputs to digital form. 
2. Process (operate on) the digital information. 
3. Convert the digital outputs back to real-world analog form. 


Figure 1-1 shows a block diagram of this for a typical temperature control 
system. As the diagram shows, the analog temperature is measured and _ the 
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Figure 1-1 Block diagram of a temperature control system that requires ana- 
log/digital conversions in order to allow the use of digital processing techniques. 


measured value is then converted to a digital quantity by an analog-to-digital 
converter (ADC). The digital quantity is then processed by the digital circuitry, 
which may or may not include a digital computer. Its digital output is converted 
back to an analog quantity by a digital-to-analog converter (DAC). This ana- 
log output is fed to a controller which takes some kind of action to adjust the 
LenypCrature, 

The need for conversion between analog and digital forms of information 
can be considered a drawback because of the added complexity and expense. An- 
other factor that is often important is the extra time required to perform these con- 
versions. In many applications, these factors are outweighed by the numerous ad- 
vantages of using digital techniques, and so the conversion between analog and 
digital quantities has become quite commonplace in the current technology. 

There are situations, however, where using only analog techniques is simpler 
and more economical. For example, the process of signal amplification is most 
easily accomplished using analog circuitry. 

It is becoming more and more common to see both digital and analog tech- 
niques employed within the same system in order to profit from the advantages of 
each. In these hybrid systems, one of the most important parts of the design phase 
involves determining what parts of the system are to be analog and what parts are 
to be digital. 

Finally, it is safe to predict that as time goes on, we should see a greater and 
greater shift to digital techniques as the economic benefits of integration become 
even more overriding than they are now. 


REVIEW QUESTIONS 


1. What are the advantages of digital techniques over analog? 


2. What is the chief limitation to the use of digital techniques? 


1-3 DIGITAL NUMBER SYSTEMS 


Many number systems are in use in digital technology. The most common are the 
decimal, binary, octal, and hexadecimal systems. The decimal system is clearly the 
most familiar to us because it is a tool that we use every day. Examining some of 
its characteristics will help us to better understand the other systems. 
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MSD Decimal LSD Figure 1-2.) Decimal position values as 
point powers of 10. 


Decimal System The decimal system is composed of 70 numerals or sym- 
bols. These 10 symbols are 0, 1, 2, 3, 4, 5, 6, 7, 8, 9; using these symbols as digits 
of a number, we can express any quantity. The decimal system, also called the 
base-10 system because it has 10 digits, has evolved naturally as a result of the fact 
that man has 10 fingers. In fact, the word “digit” is derived from the Latin word for 
“finger.” 

The decimal system is a positional-value system in which the value of a digit 
depends on its position. For example, consider the decimal number 453. We know 
that the digit 4 actually represents 4 hundreds, the 5 represents 5 fens, and the 3 
represents 3 wmits. In essence, the 4 carries the most weight of the three digits; it is 
referred to as the most significant digit (MSD). The 3 carries the least weight and is 
called the least significant digit (LSD). 

Consider another example, 27.35. This number is actually equal to 2 tens 
plus 7 units plus 3 tenths plus 5 hundredths, or 2X 10+7xX1+3xX01+5 xX 
0.01. The decimal point is used to separate the integer and fractional parts of the 
number. 

More rigorously, the various positions relative to the decimal point carry 
weights that can be expressed as powers of 10. This is illustrated in Figure 1-2, 
where the number 2745.214 is represented. The decimal point separates the posi- 
tive powers of 10 from the negative powers. The number 2745.214 is thus equal to 


(2x 10°) + 7 X 1074+ 4X 109 + G X 10% 

+ (2X 1071) + G X 1077) + (4 X 1073) 
In general, any number is simply the sum of the products of each digit value and 
its positional value. 


Decimal Counting When counting in the decimal system, we start with 0 
in the units position and take each symbol (digit) in progression until we reach 9. 
Then we add a 1 to the next higher position and start over with zero in the first 
position (see Figure 1-3). This process continues until the count of 99 is reached. 
Then we add a 1 to the third position and start over with zeros in the first two po- 
sitions. The same pattern is followed continuously as high as we wish to count. 

It is important to note that in decimal counting the units position (LSD) 
changes upward with each step in the count, the tens position changes upward 
every 10 steps in the count, the hundreds position changes upward every 100 
steps in the count, and so on. 

Another characteristic of the decimal system is that using only two decimal 
places we can count through 107 = 100 different numbers (0 to 99).* With three 


*Zero is counted as a number. 


SECTION 1-3 / DIGITAL NUMBER SYSTEMS 


7 


3 


0 20 103 
1 21 : 
2 22 | 
3 23 : 
4 24 | 
5 25 | 
6 26 | 
7 27 ! 
8 28 | 
9 29 ) 
10 30 | 
11 I | | 
(2 ie 199 
13 I | 200 
14 | 
19 | | 
16 99 | 
17 100 | 
18 101 999 
19 102 1000 


Figure 1-3. Decimal counting. 


places we can count through 1000 numbers (0 to 999); and so on. In general, with 
N places or digits we can count through 10% different numbers, starting with and 
including zero. The largest number will always be 10*~1. 


Binary System Unfortunately, the decimal number system does not lend 
itself to convenient implementation in digital systems. For example, it is very diffi- 
cult to design electronic equipment so that it can work with 10 different voltage 
levels (each one representing one decimal character, 0 through 9). On the other 
hand, it is very easy to design simple, accurate electronic circuits that operate with 
only two voltage levels. For this reason, almost every digital system uses the bi- 
nary number system (base 2) as the basic number system of its operations, al- 
though other systems are often used in conjunction with binary. 

In the binary system there are only two symbols or possible digit values, 0 
and 1. Even so, this base-2 system can be used to represent any quantity that can 
be represented in decimal or other number systems. In general though, it will take 
a greater number of binary digits to express a given quantity. 

All the statements made earlier concerning the decimal system are equally 
applicable to the binary system. The binary system is also a positional-value sys- 
tem, wherein each binary digit has its own value or weight expressed as a power 
of 2. This is illustrated in Figure 1-4. Here, places to the left of the binary point 


Positional Figure 1-4 Binary position values as 
values powers of 2. 
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(counterpart of the decimal point) are positive powers of 2 and places to the right 
are negative powers of 2. The number 1011.101 is shown represented in the fig- 
ure. To find its equivalent in the decimal system we simply take the sum of the 
products of each digit value (0 or 1) and its positional value: 


1011.1012 = Kk 2) +0 X 2)+(0 X¥ 2941 X 2% 
+(1 271) +0 X 2°47) +1 X 273) 
=8+04+24+1+05+0+0.125 
= 11.6251 


Notice in the preceding operation that subscripts (2 and 10) were used to indicate 
the base in which the particular number is expressed. This convention is used to 
avoid confusion whenever more than one number system is being employed. 

In the binary system, the term binary digit is often abbreviated to the term bit, 
which we will use henceforth. Thus, in the number expressed in Figure 1-4 there 
are 4 bits to the left of the binary point, representing the integer part of the number, 
and 3 bits to the right of the binary point, representing the fractional part. The most 
significant bit (MSB) is the leftmost bit (largest weight). The least significant bit 
(LSB) is the rightmost bit (smallest weight). These are indicated in Figure 1-4. 


Binary Counting When we deal with binary numbers, we will usually be 
restricted to a specific number of bits. This restriction is based on the circuitry that 
is used to represent these binary numbers. Let’s use 4-bit binary numbers to illus- 
trate the method for counting in binary. 

The sequence (shown in Figure 1-5) begins with all bits at 0; this is called 
the zero count. For each successive count, the units (2°) position foggles; that is, it 
changes from one binary value to the other. Each time the units bit changes from a 
1 to a 0, the twos (2') position will toggle (change states). Each time the twos po- 
sition changes from 1 to 0, the fours (27) position will toggle (change states). Like- 
wise, each time the fours position goes from 1 to 0, the eights (2%) position tog- 
gles. This same process would be continued for the higher-order bit positions if 
the binary number had more than 4 bits. 


Figure 1-5. Binary counting sequence. 


Weights —» 2°=8 Decimal equivalent 


0 0 0 —> 0 
0 O 0 1 —— | 
0 0 1 0 | 2 
0 0 1 1 | 3 
0 1 0 0 | 4 
0 1 6) 1 | 5 
0 1 1 0 , 6 
0 1 1 1 | 7 
1 0 0 0 | 8 
1 0 0 1 : 9 
1 0 1 0 | 10 
1 0 1 1 | 11 
1 1 0 0 : 12 
1 1 0 1 | 13 
1 1 1 0 ——~> 14 
1 1 1 1 —> 15 


Loo 
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The binary counting sequence has an important characteristic, as shown in 
Figure 1-5. The units bit (LSB) changes either from 0 to 1 or 1 to 0 with each 
count. The second bit (twos position) stays at 0 for two counts, then at 1 for two 
counts, then at 0 for two counts, and so on. The third bit (fours position) stays at 0 
for four counts, then at 1 for four counts, and so on. The fourth bit (eights posi- 
tion) stays at 0 for eight counts, then at 1 for eight counts. If we wanted to count 
further we would add more places, and this pattern would continue with Os and Is 
alternating in groups of 2~!. For example, using a fifth binary place, the fifth bit 
would alternate sixteen Os, then sixteen 1s, and so on. 

As we saw for the decimal system, it is also true for the binary system that by 
using N bits or places we can go through 2” counts. For example, with 2 bits we 
can go through 27 = 4 counts (002 through 112); with 4 bits we can go through 
24 = 16 counts (00002 through 11112); and so on. The last count will always be all 
1s and is equal to 2'—1 in the decimal system. For example, using 4 bits, the last 
count is 11112 = 24 — 1 = 15h. 


EXAMPLE 1-2 
What is the largest number that can be represented using 8 bits? 


Solution 
2N — 1 = 28 — 1 = 25549 = 111111112. 


This has been a brief introduction of the binary number system and its rela- 
tion to the decimal system. We will spend much more time on these two systems 
and several others in the next chapter. 


REVIEW QUESTIONS 


1. What is the decimal equivalent of 11010112? 


2. What is the next binary number following 101112 in the counting se- 
quence? . 


3. What is the largest decimal value that can be represented using 12 bits? 


1-4 REPRESENTING BINARY QUANTITIES 


In digital systems the information that is being processed is usually present in bi- 
nary form. Binary quantities can be represented by any device that has only two 
operating states or possible conditions. For example, a switch has only two states: 
open or closed. We can arbitrarily let an open switch represent binary 0 and a 
closed switch represent binary 1. With this assignment we can now represent any 
binary number as illustrated in Figure 1-6(a), where the states of the various 
switches represent 100102. 

Another example is shown in Figure 1-6(b), where holes punched in paper 
are used to represent binary numbers. A punched hole is a binary 1 and absence 
of a hole is a binary 0. 
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Figure 1-6 Using (a) switches and (b) punched paper tape 
to represent binary numbers. 


There are numerous other devices which have only two operating states or 
can be operated in two extreme conditions. Among these are: light bulb (bright or 
dark), diode (conducting or nonconducting), relay (energized or deenergized), 
transistor (cut off or saturated), photocell (illuminated or dark), thermostat (open 
or closed), mechanical clutch (engaged or disengaged), and magnetic tape (mag- 
netized or demagnetized). 

In electronic digital systems, binary information is represented by voltages 
(or currents) that are present at the inputs and outputs of the various circuits. Typ- 
ically, the binary 0 and 1 are represented by two nominal voltage levels. For ex- 
ample, zero volts (0 V) might represent binary 0, and + 5V might represent binary 
1. In actuality, because of circuit variations, the 0 and 1 would be represented by 
voltage ranges. This is illustrated in Figure 1-7(a), where any voltage between 0 
and 0.8 V represents a 0 and any voltage between 2 and 5 V represents a 1. All 
input and output signals will normally fall within one of these ranges except dur- 
ing transitions from one level to another. Figure 1-7(b) shows a typical digital sig- 
nal as it sequences through the binary value 01010. 

We can now see another significant difference between digital and analog 
systems. In digital systems, the exact value of a voltage is not important; for exam- 
ple, a voltage of 3.6 V means the same as a voltage of 4.3 V. In analog systems, 
the exact value of a voltage is important. For instance, if the analog voltage is pro- 
portional to the temperature measured by a transducer, the 3.6 V would represent 
a different temperature than would 4.3 V. In other words, the voltage value carries 


Figure 1-7 (a) Typical voltage assignments in digital system; (b) typical digital 
signal. 
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significant information. This characteristic means that the design of accurate analog 
circuitry is generally more difficult than that of digital circuitry because of the way 
in which exact voltage values will fluctuate with variations in component values, 
temperature, and noise. 


1-5 DIGITAL CIRCUITS 


As explained in Section 1-4, digital circuits are designed to produce output volt- 
ages that fall within the prescribed 0 and 1 voltage ranges such as those defined in 
Figure 1-7. Likewise, digital circuits are designed to respond predictably to input 
voltages that are within the defined 0 and 1 ranges. What this means is that a digi- 
tal circuit will respond in the same way to all input voltages that fall within the al- 
lowed 0 range; similarly, it will not distinguish between input voltages that lie 
within the allowed 1 range. 

To illustrate, Figure 1-8 represents a typical digital circuit with input v; and 
output vu. The output is shown for two different input signal waveforms. Note that 
v, is the same for both cases because the two input waveforms, while they differ 
in their exact voltage levels, are at the same binary levels. 


Logic Circuits The manner in which a digital circuit responds to an input 
is referred to as the circuit’s /ogic. Each type of digital circuit obeys a certain set of 
logic rules. For this reason, digital circuits are also called logic circuits. We will use 
both terms interchangeably throughout the text. In Chapter 3 we will see more 
clearly what is meant by a circuit’s “logic.” 

We will be studying all the types of logic circuits that are currently used in 
digital systems. Initially, our attention will be focused only on the logical operation 
which these circuits perform—that is, the relationship between the circuit inputs 


Figure 1-8 A digital circuit responds to an input’s binary level 
(0 or 1) and not to its actual voltage. 
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and outputs. We will defer any discussion of the internal circuit operation of these 
logic circuits until after we have developed an understanding of their logical oper- 
ation. 


Digital Integrated Circuits Almost all the digital circuits used in mod- 
ern digital systems are integrated circuits (ICs). The wide variety of available logic 
ICs has made it possible to construct complex digital systems that are smaller and 
more reliable than their discrete-component counterparts. 

Several integrated-circuit fabrication technologies are used to produce digital 
ICs, the most common being TTL, CMOS, NMOS, and ECL. Each differs in the type 
of circuitry used to provide the desired logic operation. For example, TTL (transis- 
tor-transistor logic) uses the bipolar transistor as its main circuit element, while 
CMOS (complementary metal-oxide-semiconductor) uses the enhancement-mode 
MOSFET as its principal circuit element. We will learn about the various IC tech- 
nologies, their characteristics, and their relative advantages and disadvantages after 
we master the basic logic circuit types. 


REVIEW QUESTIONS 


1 True or false: The exact Pine ae an inp t voltage is. Sue for a | digital 
| ercuil 


2. Cana digital circuit t produce the same output voltage for different input 
voltage values? © 


ae A poe circuit is also ae toasa_ a4 


1-6 PARALLEL AND SERIAL TRANSMISSION 


One of the most common operations that occur in any digital system is the trans- 
mission of information from one place to another. The information can be trans- 
mitted over a distance as small as a fraction of an inch on the same circuit board, 
or over a distance of many miles when an operator at a computer terminal is com- 
municating with a computer in another city. The information that is transmitted is 
in binary form and is generally represented as voltages at the outputs of a sending 
circuit that are connected to the inputs of a receiving circuit. Figure 1-9 illustrates 
the two basic methods for digital information transmission: parallel and serial. 

Figure 1-9(a) shows how the binary number 10110 is transmitted from circuit 
A to circuit B using parallel transmission. Each bit of the binary number is repre- 
sented by one of the circuit A outputs, where output A, is the MSB and Ap is the 
LSB. Each of the circuit A outputs is connected to a corresponding input of circuit 
B so that all 5 bits of information are transmitted simultaneously (in parallel). 

In Figure 1-9(b) there is only one connection from circuit A to circuit B when 
serial transmission is used. Here the output of circuit A will produce a digital sig- 
nal whose voltage level will change at regular intervals in accordance with the bi- 
nary number being transmitted. In this way the information is being transmitted a 
bit at a time (serially) over the one signal line. The timing diagram in Figure 
1-9(b) shows how the signal level varies with time. During the first time interval, 7, 
the signal is at the 0 level; during interval 7; the signal is at the 1 level; and so on. 
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Figure 1-9 (a) Parallel transmission uses one connecting line per bit, 
and all bits are transmitted simultaneously; (b) serial transmission uses 
only one signal line, and the individual bits are transmitted serially 
(one at a time). 


The principal trade-off between parallel and serial representations is one of 
speed versus circuit simplicity. The transmission of binary data from one part of a 
digital system to another can be done more quickly using parallel representation 
because all the bits are transmitted simultaneously, while serial representation 
transmits one bit at a time. On the other hand, parallel requires more signal lines 
connected between the sender and receiver of the binary data than does serial. In 
other words, parallel is faster and serial requires fewer signal lines. This compari- 
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son between parallel and serial methods for representing binary information will 
be encountered many times in discussions throughout the text. 


REVIEW QUESTION 


1. Describe the relative advantages of parallel and serial transmission of bi- 
nary data. 


1-7 MEMORY 


When an input signal is applied to most devices or circuits, the output somehow 
changes in response to the input, and when the input signal is removed, the out- 
put returns to its original state. These circuits do not exhibit the property of mem- 
ory, since their outputs revert back to normal. In digital circuitry certain types of 
devices and circuits do have memory. When an input is applied to such a circuit, 
the output will change its state, but it will remain in the new state even after the 
input is removed. This property of retaining its response to a momentary input is 
called memory. Figure 1-10 illustrates nonmemory and memory operations. 

Memory devices and circuits play an important role in digital systems be- 
cause they provide means for storing binary numbers either temporarily or perma- 
nently, with the ability to change the stored information at any time. As we shall 
see, the various memory elements include magnetic types and those which utilize 
electronic latching circuits (called latches and flip-flops). 


Nonmemory - 


Circuit c 
Memory 2 
circuit | 


Figure 1-10 Comparison of nonmemory 
and memory operation. 


y - 


1-8 DIGITAL COMPUTERS 


Digital techniques have found their way into innumerable areas of technology, but 
the area of automatic digital computers is by far the most notable and most ex- 
tensive. Although digital computers affect some part of all of our lives, it is doubt- 
ful that many of us know exactly what a computer does. In simplest terms, a com- 
puter is a system of hardware that performs arithmetic operations, manipulates 
data (usually in binary form), and makes decisions. 

For the most part, human beings can do whatever computers can do, but 
computers can do it with much greater speed and accuracy. This is in spite of the 
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fact that computers perform all their calculations and operations one step at a 
time. For example, a human being can take a list of 10 numbers and find their 
sum all in one operation by listing the numbers one over the other and adding 
them column by column. A computer, on the other hand, can add numbers only 
two at a time, so that adding this same list of numbers will take nine actual addi- 
tion steps. Of course, the fact that the computer requires only a microsecond or 
less per step makes up for this apparent inefficiency. 

A computer is faster and more accurate than people are, but unlike most 
people it has to be given a complete set of instructions that tell it exactly what to 
do at each step of its operation. This step of instructions, called a program, is 
prepared by one or more persons for each job the computer is to do. Programs 
are placed in the computer’s memory unit in binary-coded form, with each instruc- 
tion having a unique code. The computer takes these instruction codes from mem- 
ory one at a time and performs the operation called for by the code. Much more 
will be said about this later. 


Major Parts of a Computer There are several types of computer sys- 
tems, but each can be broken down into the same functional units. Each unit per- 
forms specific functions, and all units function together to carry out the instruc- 
tions given in the program. Figure 1-11 shows the five major functional parts of a 
digital computer and their interaction. The solid lines with arrows represent the 
flow of information. The dashed lines with arrows represent the flow of timing 
and control signals. 
The major functions of each unit are: 


1. Input unit. Through this unit a complete set of instructions and data is fed 
into the computer system and into the memory unit, to be stored until 
needed. The information typically enters the input unit by means of punched 
cards, magnetic tape, magnetic disk, or a keyboard. 


2. Memory unit. The memory stores the instructions and data received from 
the input unit. It stores the results of arithmetic operations received from the 
arithmetic unit. It also supplies information to the output unit. 

3. Control unit. This unit takes instructions from the memory unit one at a 
time and interprets them. It then sends appropriate signals to all the other 
units to cause the specific instruction to be executed. 


Figure 1-11 = Functional diagram of a digital computer. 
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4. Arithmetic/logic unit. All arithmetic calculations and logical decisions are 
performed in this unit, which can then send results to the memory unit to be 
stored. 


5. Output unit. This unit takes data from the memory unit and prints out, dis- 
plays, or otherwise presents the information to the operator (or process, in 
the case of a process control computer). 


How Many Types of Computers Are There? The number of com- 
puter types depends on the criteria used to classify them. Computers will differ in 
their physical size, operating speed, memory capacity, and processing capability, 
as Well as other characteristics. The most common way to classify computers is by 
their physical size, which usually, but not always, is indicative of their relative ca- 
pabilities. The three basic classifications are microcomputer, minicomputer, 
and mainframe. 

The microcomputer is the smallest type of computer. It generally consists of 
several IC chips including a microprocessor chip, memory chips, and input/out- 
put interface chips along with input/output devices such as a keyboard and video 
display. Microcomputers resulted from the tremendous advances in IC fabrication 
technology that make it possible to pack more and more circuitry into a small 
space. For example, the microprocessor chip contains the circuitry for both the 
arithmetic/logic unit and the control unit. 

Minicomputers are larger than microcomputers and have prices that go into 
the tens of thousands of dollars Gincluding input/output peripheral equipment). 
“Minis” are widely used in industrial control systems, scientific applications for 
schools and research laboratories, and business applications for small businesses. 
Although more expensive than microcomputers, minicomputers continue to be 
widely used because they are generally faster and possess more capabilities. As 
microcomputer performance continues to improve, however, the advantages of 
minicomputers will continue to shrink. 

Mainframes, the largest computers, are found in corporations, banks, univer- 
sities, and scientific laboratories. These “maxicomputers” can cost as much as sev- 
eral million dollars and include complete systems of peripheral equipment such as 
magnetic tape units, magnetic disk units, card punchers and readers, keyboards, 
printers, and many more. Applications of mainframes range from computationally 
oriented science and engineering problem solving to the data-oriented business 
applications, where emphasis is on maintaining and updating large quantities of 
data and information. 

The term supercomputers is used to denote computers with the greatest op- 
erating speed and computational power. These are the most expensive (although 
not necessarily the largest) computers because they use the latest technological ad- 
vances to achieve superior performance. 


REVIEW QUESTIONS 


1. Explain how a digital circuit that has memory differs from one that does 
not. 


2. Name the five major functional units of a computer. 


3. Name the three classes of computers based on physical size. 
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PROBLEMS 


SECTION 1-2 


1-1. Which of the following are analog quantities, and which are digital? 
(a) Number of atoms in a sample of material 
(b) Altitude of an aircraft 
(c) Pressure in a bicycle tire 
(d) Current through a speaker 
(e) Timer setting on a microwave oven 


SECTION 1-3 


1-2. Convert the following binary numbers to their equivalent decimal values. 
(a) 110012 = 10 
(b) 1001.1001 
(c) 10011011001.10110 


1-3. Using 6 bits, show the binary counting sequence from 000000 to 111111. 
1-4. What is the maximum number that we can count up to using 10 bits? 
1-5. How many bits are needed to count up to a maximum of 511? 


SECTION 1-6 


1-6. Suppose that the decimal integer values from 0 to 15 are to be transmitted. 
(a) How many lines will be needed if parallel representation is used? 
(b) How many will be needed if serial representation is used? 


ANSWERS TO SECTION REVIEW QUESTIONS 


SECTION 1-1 SECTION 1-5 


1. Analog quantities can take on any 1. False 2. Yes, provided that the two 
value over a continuous range; digital input voltages are within the same logic 


quantities can take on only discrete level range 3. Logic 
values. 

SECTION 1-6 
SECTION 1-2 


1. Parallel is faster; serial requires only 


; ; one signal line. 
1. Easier to design; easier to store 


information; greater accuracy and 
precision; programmability; less affected 
by noise; higher degree of integration 
2. Real-world physical quantities are 
analog. 


SECTION 1-3 


1. 10710 2. 110002 3. 409510 
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SECTION 1-8 


1. One that has memory will have its 
output changed and remain changed in 
response to a momentary change in the 
input signal. 2. Input, output, 
memory, arithmetic/logic, control 

3. Microcomputer, minicomputer, 
maxicomputer (mainframe) 


2-1 
2-2 
2-3 
2-4 
2-5 


Binary-to-Decimal Conversions 
Decimal-to-Binary Conversions 
Octal Number System 
Hexadecimal Number System 
BCD Code 


2-6 Putting It All Together 
2-7 Gray Code 


2-8 Alphanumeric Codes 


2-9 Parity Method for Error Detection 


2-10 Review 


OBJECTIV 


INTRODUG 


Upon completion of this chapter, you will be able to: 


m Use two different methods to perform decimal-to-binary conversions. 
m Cite several advantages of the octal and hexadecimal number systems. 


m@ Convert from the hexadecimal or octal number system to either the deci- 
mal or binary number system. 


m Express decimal numbers using the BCD code. 

m Understand the difference between the BCD code and the straight binary code. 
m Cite the major differences between the Gray code and the binary code. 

m Understand the need for alphanumeric codes, especially the ASCII code. 

@ Describe the parity method for error detection. 


m Determine parity (odd or even) of digital data. 
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The binary number system is the most important one in digital systems, but several 
others are also important. The decimal system is important because it is universally 
used to represent quantities outside a digital system. This means that there will be 
situations where decimal values have to be converted to binary values before they 
are entered into the digital system. For example, when you punch a decimal num- 
ber into your hand calculator (or computer), the circuitry inside the device con- 
verts the decimal number to a binary value. 

Likewise, there will be situations where the binary values at the outputs of a 
digital circuit have to be converted to decimal values for presentation to the out- 
side world. For example, your calculator (or computer) uses binary numbers to 
calculate answers to a problem, then converts the answers to a decimal value be- 
fore displaying them. 

In addition to binary and decimal, two other number systems find wide- 
spread applications in digital systems. The octal (base-8) and hexadecimal (base- 
16) number systems are both used for the same purpose—to provide an efficient 
means for representing large binary numbers. As we shall see, both these number 
systems have the advantage that they can be easily converted to and from binary. 


In a digital system, three or four of these number systems may be in use at 
the same time, so that an understanding of the system operation requires the abil- 
ity to convert from one number system to another. This chapter will show you 
how to perform these conversions. Although some of them will not be of immedi- 
ate use in our study of digital systems, you will need them when you begin to 
study microprocessors. 

This chapter will also introduce some of the binary codes that are used to 
represent various kinds of information. These binary codes will use 1s and Os, but 
in a way that differs somewhat from the binary number system. 


2-1  BINARY-TO-DECIMAL CONVERSIONS 


As explained in Chapter 1, the binary number system is a positional system where 
each binary digit (bit) carries a certain weight based on its position relative to the 
LSB. Any binary number can be converted to its decimal equivalent simply by 
summing together the weights of the various positions in the binary number which 
contain a 1. To illustrate: 


1 21 0 1 =, (binary) 
2p 2 ee 2 i ee 2d 
= 2710 (decimal) 
Let’s try another example with a greater number of bits: 
1 0 41 1 OG ft © b= 
Zero 2 Oe 2 = Ish 
Note that the procedure is to find the weights (i.e., powers of 2) for each bit posi- 
tion that contains a 1, and then to add them up. Also note that the MSB has a 


weight of 2’ even though it is the eighth bit; this is because the LSB is the first bit 
and has a weight of 2°. 


REVIEW QUESTIONS 


1. Convert 1000110110112 to its decimal equivalent. 
2. What is the weight of the MSB of a 16-bit number? 


2-2  DECIMAL-TO-BINARY CONVERSIONS 


There are two ways to convert a decimal whole number to its equivalent binary- 
system representation. The first method is the reverse of the process described in 
Section 2-1. The decimal number is simply expressed as a sum of powers of 2 and 
then 1s and Os are written in the appropriate bit positions. To illustrate: 
4519 =32+84+44+1=24+04+234+27+0+4 2° 
=1 0 1 1 0 1, 
Note that a 0 is placed in the 2! and 2* positions, since all positions must be ac- 
counted for. Another example is the following: 
76 = 644+8+4=2°+04+04+23+27+0+0 
=1 0 0 1 1 OO 


SECTION 2-2 / DECIMAL-TO-BINARY CONVERSIONS 


21 


Repeated Division Another method uses repeated division by 2. The con- 
version, illustrated below for 2510, requires repeatedly dividing the decimal number 
by 2 and writing down the remainder after each division until a quotient of O is 
obtained. Note that the binary result is obtained by writing the first remainder as 
the LSB and the last remainder as the MSB. 


12 + remainder of 1 


: = 3 + remainder of 0 

5 

5 = 1+ remainder of 1 

1 

> = 0 + remainder of 1 
MSB 


Figure 2-1 Flowchart for repeated-division 
method of decimal-to-binary conversion of in- 
tegers. The same process can be used to con- 
vert a decimal integer to any other number 
system. 


Divide by 
2 
Record quotient (Q) 
and remainder (R) 


Collect R's into desired 
binary number with 
first R as LSB and 

last Ras MSB 
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This process, diagrammed in the flowchart of Figure 2-1, can also be used to con- 
vert from decimal to any other number system. 

If a calculator is being used to perform the divisions by 2, the remainders 
can be determined by noting whether the quotient has a fractional part or not. For 
example, the calculator would produce 25/2 = 12.5. The .5 indicates that there is a 
remainder of 1. The calculator would also produce 12/2 = 6.0, which indicates a 
remainder of 0. Another example is shown below as it would occur using a calculator. 


oy 

> = 18.5 —> remainder of 1 (LSB) 
HF _ oo 3 0 
2 

2 

a AS as 1 
; 5 

+ 

~~ = 20 — > O 
2 

fi 

-~=10 —> 0 
2 

1 


Thus, 3710 = 1001012. 


REVIEW QUESTIONS 


1. Convert 8310 to binary using both methods. 


2. Convert 72919 to binary using both methods. Check your answer by con- 
verting back to decimal. 


2-3  OCTAL NUMBER SYSTEM 


The octal number system is very important in digital computer work. The octal 
number system has a base of eight, meaning that it has eight possible digits: 0, 1, 
2, 3, 4, 5, 6, and 7. Thus, each digit of an octal number can have any value from 0 
to 7. The digit positions in an octal number have weights as follows: 


pe lete le |e |e |e |e 


octal point 


Octal-to-Decimal Conversion An octal number, then, can easily be 
converted to its decimal equivalent by multiplying each octal digit by its positional 
weight. For example, 
3723 = 3 X (87) +7 X (8!) + 2 X (8") 
=3X64+7X8+2X1 
=" 2 5010 


SECTION 2-3 / OCTAL NUMBER SYSTEM 


23 


24 


Another example: 
24.63 = 2 X (8!) + 4 X (8°) + 6 X (874) 
= 20.7510 


Decimal-to-Octal Conversion A decimal integer can be converted to 
octal by using the same repeated-division method that we used in the decimal-to- 
binary conversion (Figure 2-1), but with a division factor of 8 instead of 2. An ex- 
ample is shown below. 


266 . 

— 33 + remainder of 2 
= = 4 + remainder of 1 
= 

8 


= 0 + remainder of 4 | 


260.4 — 4 lZs 
Note that the first remainder becomes the least significant digit (LSD) of the octal 
number, and the last remainder becomes the most significant digit (MSD). 

If a calculator is used to perform the divisions in the process above, the re- 
sult will include a decimal fraction instead of a remainder. The remainder can be 
obtained, however, by multiplying the decimal fraction by 8. For example, 266/8 
produces 33.25. The remainder becomes 0.25 X 8 = 2. Similarly, 33/8 will be 4.125 
and the remainder becomes 0.125 X 8 = 1. 


Octal-to-Binary Conversion The primary advantage of the octal number 
system is the ease with which conversion can be made between binary and octal 
numbers. The conversion from octal to binary is performed by converting each 
octal digit to its 3-bit binary equivalent. The eight possible digits are converted as 
indicated in Table 2-1. 

Using these conversions, any octal number is converted to binary by individ- 
ually converting each digit. For example, we can convert 472s to binary as follows: 


4 7 2 
J J J 
100 111 010 


Hence, octal 472 is equivalent to binary 100111010. As another example, consider 
converting 5431s to binary: 
5 4 3 J 
b yh + 
101 100 011 O01 
Thus, 5431s = 101100011001». 


Binary-to-Octal Conversion = Converting from binary integers to octal in- 
tegers is simply the reverse of the foregoing process. The bits of the binary num- 
ber are grouped into groups of ‘bree bits starting at the LSB. Then each group is 
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Table 2-1 


Octal Digit 0 1 2 3 ie 6 7 


Binary Equivalent O00 OO1 010 O11 100 ~=—-:101 110 Tl 


converted to its octal equivalent (Table 2-1). To illustrate, consider the conversion 
of 1001110102 to octal. 


1 0 0 1 71 1 0 1 ~=0 


ee Re ee 
1 1 ) 
4 7 28 
Sometimes the binary number will not have even groups of 3 bits. For those cases, 
we can add one or two Os to the left of the MSB of the binary number to fill out 
the last group. This is illustrated below for the binary number 11010110. 


0 1 1 01 0 1 21 «090 


3 2 Og 
Note that a 0 was placed to the left of the MSB to produce even groups of 3 bits. 


Counting in Octal The largest octal digit is 7, so that in counting in octal, 
a digit position is incremented upward from 0 to 7. Once it reaches 7, it recycles 
to 0 on the next count and causes the next higher digit position to be incre- 
mented. This is illustrated in the following sequences of octal counting: (1) 65, 66, 
67, 10, 1). 275; 270.277, 300. 

With N octal digit positions, we can count from zero up to 8% — 1, for a total 
of 8° different counts. For example, with three octal digit positions we can count 
from 000s to 777s, which is a total of 8° = 51210 different octal numbers. 


Usefulness of Octal System = — The ease with which conversions can be 
made between octal and binary makes the octal system attractive as a “shorthand” 
means of expressing large binary numbers. In computer work, binary numbers 
with up to 64 bits are not uncommon. These binary numbers, as we shall see, do 
not always represent a numerical quantity but are often some type of code that 
conveys nonnumerical information. In computers, binary numbers might represent 
(1) actual numerical data; (2) numbers corresponding to a location (address) in 
memory; (3) an instruction code; (4) a code representing alphabetic and other 
nonnumerical characters; or (5) a group of bits representing the status of devices 
internal or external to the computer. 

When dealing with a large quantity of binary numbers of many bits, it is con- 
venient and more efficient for us to write the numbers in octal rather than binary. 
Keep in mind, however, that the digital circuits and systems work strictly in binary; 
we are using octal only as a convenience for the operators of the system. 


EXAMPLE 2-1 


Convert 17710 to its 8-bit binary equivalent by first converting to octal. 
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26 


Soiution 


1 
= = 22 + remainder of 1 
22 
- = 2 + remainder of 6 
- 


= 0 + remainder of 2 


Thus, 17710 = 261s. Now we can convert this octal number to its binary equivalent 
0101100012, so that we finally have 


177190 = 101100012 


Note that we chop off the leading 0 to express the result as 8 bits. 

This method of decimal-to-octal-to-binary conversion is often quicker than 
going directly from decimal to binary, especially for large numbers. Similarly, it is 
often quicker to convert binary to decimal by first converting to octal. 


REVIEW QUESTIONS 


. Convert 614s to decimal. 

: Convert 1461 to octal, then from octal to binary. 

: Convert 100111013 to octal. 

. Write the next three numbers in this octal counting eee 624, 625, 


626, —, —, —. 
5. ines 97519 to binary by first converting to eal 


hw nN eB 


6. Convert binary 1010111011 to decimal by first converting to octal. 


2-4 HEXADECIMAL NUMBER SYSTEM 


The hexadecimal system uses base 16. Thus, it has 16 possible digit symbols. It 
uses the digits 0 through 9 plus the letters A, B, C, D, E, and F as the 16 digit sym- 
bols. Table 2-2 shows the relationships between hexadecimal, decimal, and binary. 
Note that each hexadecimal digit represents a group of four binary digits. It is im- 
portant to remember that hex (abbreviation for hexadecimal) digits A through F 
are equivalent to the decimal values 10 through 15. 


Hex-to-Decimal Conversion — A hex number can be converted to its deci- 
mal equivalent by using the fact that each hex digit position has a weight that is a 
power of 16. The LSD has a weight of 16° = 1, the next higher digit position has a 
weight of 16' = 16, the next has a weight of 167 = 256, and so on. The conversion 
process is demonstrated in the examples below: 
550% = 3X 16" 5: x 16+ OX 16" 
= 768 + 80 + 6 
= 85410 
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Table 2-2 


Hexadecimal Decimal Binary 


te 


0000 
0001 
0010 
0011 
0100 
0101 
0110 

160 
i ce. 
12) oe 

5 =f. 


MmOAWPOOI ANY AwWNH OS 
e 


2AFi6 = 2 X 1674+ 10 X 16' + 15 X 16° 
= 512+ 160+ 15 
= 68710 


Note that in the second example the value 10 was substituted for A and the value 
15 for F in the conversion to decimal. 
For practice, verify that 1BC216 is equal to 7106y0. 


Decimal-to-Hex Conversion — Recall that we did decimal-to-binary con- 
version using repeated division by 2, and decimal-to-octal using repeated division 
by 8. Likewise, decimal-to-hex conversion can be done using repeated division by 
16 (Figure 2-1). The following two examples will illustrate. 


EXAMPLE 2-2 


Convert 423109 to hex. 


Solution 


42 
aia = 26 + remainder of 7 


16 


26 . 
as = 1 + remainder of 10 


4 
iG = 0 + remainder of ~~] 
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HXAMPLE 2-3 


Convert 21419 to hex. 


Solution 
214 
— = 13 + remainder of 
16 
13 
— = 0 + remainder of 1 
16 | 


21 = D616 


Again note how the remainders of the division processes form the digits of 
the hex number. Also note that any remainders that are greater than 9 are repre- 
sented by the letters A through F. 

If a calculator is being used to perform the divisions in the conversion 
process, the results will include a decimal fraction instead of a remainder. The re- 
mainder can be obtained by multiplying the fraction by 16. To illustrate, in Exam- 
ple 2-3 the calculator would have produced 

214 


——— = 13. 
16 oie ts 


The remainder becomes (0.375) X 16 = 6. 


Hex-to-Binary Conversion Like the octal number system, the hexadeci- 
mal number system is used primarily as a “shorthand” method for representing bi- 
nary numbers. It is a relatively simple matter to convert a hex number to binary. 
Each hex digit is converted to its 4-bit binary equivalent (Table 2-2). This is illus- 
trated below for 9F216. 


Jeg = 7 F 2 
i 1 L 
1 0 0 1 1 1 i141 O 0 1 O 
= 1001111100102 


For practice, verify that BA6j6 = 1011101001102. 


Binary-to-Hex Conversion Conversion from binary to hex is just the re- 
verse of the process above. The binary number is grouped into groups of four 
bits, and each group is converted to its equivalent hex digit. Zeros are added, as 
needed, to complete a 4-bit group (shown shaded). 


1110100110.:=001110100110 
eee iT OC SO 


3 A 6 
= 3A616 
In order to perform these conversions between hex and binary, it is necessary to 


know the 4-bit binary numbers (0000 through 1111) and their equivalent hex dig- 
its. Once these are mastered, the conversions can be performed quickly without 
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the need for any calculations. This is why hex (and octal) are so useful in repre- 
senting large binary numbers. 
For practice, verify that 1010111112 = 15Fi6. 


Counting in Hexadecimal == When counting in hex, each digit position can 
be incremented Cincreased by 1) from 0 to F. Once a digit position reaches the 
value F, it is reset to 0 and the next digit position is incremented. This is illustrated 
in the following hex counting sequences: 


(a) 38, 39, 3A 3B, 3C, 3D, 3E, 3F, 40, 41, 42 
(b) 6F8, 6F9, GFA, 6FB, 6FC, 6FD, 6FE, 6FF, 700 


Note that when there is a 9 in a digit position, it becomes an A when it is incre- 
mented. 


HXAMPLE 2-4 


Convert decimal 378 to a 16-bit binary number by first converting to hexadecimal. 


Solution 

78 

_ = 23 + remainder of 10 
23 

— = 1+ remainder of 7 
16 

1 

— = 0+ remainder of 1 
16 


Thus, 37810 = 17Aiw. This hex value can easily be converted to binary 
000101111010. Finally, we can express 37819 as a 16-bit number by adding four 
leading Os: 


37810 = 0000 OOOL OLI1 10102 


EXAMPLE 2-9) 


Convert B2Fi¢ to octal. 


solution 


It’s easiest to first convert hex to binary, then to octal. 
B2Fi6 = 1011 0010 1111 {convert to binary} 
= 101 100 101 111° {group into 3-bit groupings} 
= 5 4 5 7s {convert to octal} 


Summary of Conversions At this point, your head is probably spinning 
as you try to keep all of these number systems straight—binary, decimal, octal, 
hex—and all the different conversions from one to another. You may not believe 
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it, but eventually as you use these various systems more and more, you will know 
them real well. For now, the following summary should help you in doing the dif- 
ferent conversions. 


1. When converting from binary [or octal, or hex] to decimal, use the method of 
taking the weighted sum of each digit position. 


2. When converting from decimal to binary lor octal or hex], use the method of 
repeatedly dividing by 2 [or 8 or 16] and collecting remainders (Figure 2-1). 


3. When converting from binary to octal lor hex], group the bits in groups of 
three [or four], and convert each group into the correct octal lor hex] digit. 


4. When converting from octal [or hex] into binary, convert each digit into its 
3-bit lor 4-bit] equivalent. 

5. When converting from octal to hex [or vice versa], first convert to binary, 
then convert the binary into the desired number system. 


REVIEW QUESTIONS 


. Convert 24CEi¢6 to decimal. 

. Convert 311719 to hex, then from hex to binary. 

. Convert 1001011110110101. to hex. 

. Write the next four numbers in this hex counting sequence: E9A, E9B, 
E9C, EOD, —, —, —, —. 

5. Convert 3527s to hex. 


m WD N 


2-5 BCD CODE 


When numbers, letters, or words are represented by a special group of symbols, 
we say that they are being encoded, and the group of symbols is called a code. 
Probably one of the most familiar codes is the Morse code, where series of dots 
and dashes represent letters of the alphabet. 

We have seen that any decimal number can be represented by an equivalent 
binary number. The group of Os and 1s in the binary number can be thought of as 
a code representing the decimal number. When a decimal number is represented 
by its equivalent binary number, we call it straight binary coding. 

Digital systems all use some form of binary numbers for their internal opera- 
tion, but the external world is decimal in nature. This means that conversions be- 
tween the decimal and binary systems are being performed often. We have seen 
that the conversions between decimal and binary can become long and compli- 
cated for large numbers. For this reason, a means of encoding decimal numbers 
that combines some features of both the decimal and binary systems is used in 
certain situations. 


Binary-Coded-Decimal Code _If each digit of a decimal number is repre- 
sented by its binary equivalent, the result is a code called binary-coded-decimal 
(hereafter abbreviated BCD). Since a decimal digit can be as large as 9, four bits 
are required to code each digit (the binary code for 9 is 1001). 
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To illustrate the BCD code, take a decimal number such as 874. Each digit is 
changed to its binary equivalent as follows: 
8 Fi 4 (decimal) 
J 1 J 
1000 O111 0100 (BCD) 
As another example, let us change 943 to its BCD-code representation: 
9 4 3 (decimal) 
J L J 
1001 0100 0011 (BCD) 
Once again, each decimal digit is changed to its straight binary equivalent. Note 
that 4 bits are always used for each digit. 

The BCD code, then, represents each digit of the decimal number by a 4-bit 
binary number. Clearly only the 4-bit binary numbers from 0000 through 1001 are 
used. The BCD code does not use the numbers 1010, 1011, 1100, 1101, 1110, and 
1111. In other words, only 10 of the 16 possible 4-bit binary code groups are used. 
If any of the “forbidden” 4-bit numbers ever occurs in a machine using the BCD 
code, it is usually an indication that an error has occurred. 


KXAMPLE 2-6 
Convert 0110100000111001 (BCD) to its decimal equivalent. 


Solution 


Divide the BCD number into 4-bit groups and convert each to decimal. 
0110 1000 0011 1001 


ess fee er CCS” 


6 8 3 2 


EXAMPLE 2-7 


Convert the BCD number 011111000001 to its decimal equivalent. s 


Solution 
0111 1100 0001 
Re 


ee eeeee 


7 ~ a 


forbidden code group indicates error in 
BCD number 


Comparison of BCD and Binary __ It is important to realize that BCD is 
not another number system like binary, octal, decimal, and hexadecimal. It is, in 
fact, the decimal system with each digit encoded in its binary equivalent. It is also 
important to understand that a BCD number is not the same as a straight binary 
number. A straight binary code takes the complete decimal number and represents 
it in binary; the BCD code converts each decimal digit to binary individually. To il- 
lustrate, take the number 137 and compare its straight binary and BCD codes: 


13710 = 100010012 (binary) 
13710 = 0001 0011 0111 (BCD) 
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The BCD code requires 12 bits while the straight binary code requires only 8 bits 
to represent 137. BCD requires more bits than straight binary to represent decimal 
numbers of more than one digit. This is because BCD does not use all possible 
4-bit groups, as pointed out earlier, and is therefore somewhat inefficient. 

The main advantage of the BCD code is the relative ease of converting to 
and from decimal. Only the 4-bit code groups for the decimal digits 0 through 9 
need to be remembered. This ease of conversion is especially important from a 
hardware standpoint because in a digital system it is the logic circuits that perform 
the conversions to and from decimal. 


REVIEW QUESTIONS 


1. Represent the decimal value 178 by its straight binary equivalent. Then 
encode the same decimal number using BCD. 


2. How many bits are required to represent an eight-digit decimal number in 
DUD? 


3. What is an advantage of encoding a decimal number in BCD as compared 
with straight binary? What is a disadvantage? 


2-6 PUTTING IT ALL TOGETHER 


Table 2-3 gives the representation of the decimal numbers 1 through 15 in the bi- 
nary, octal, hex number systems, and in BCD code. Examine it carefully and make 
sure you understand how it was obtained. Especially note how the BCD represen- 
tation uses four bits for each decimal digit. 


Table 2-3 

Decimal Binary Octal Hexadecimal BCD 
0 0) 0 0 0000 
1 i I 1 OO01 
Zz 10 2 Z 0010 
2 a! e, 3 0011 
+ 100 + 4 0100 
5 101 5 5 0101 
6 110 6 6 0110 
y 111 7 7 O11) 
8 1000 10 8 1000 
9 1001 8 , 1001 
10 1010 12 A 0001 0000 
11 1011 13 B 0001 0001 
12 1100 14 G 0001 0010 
13 1101 15 D OO01 0011 
14 1110 16 B 0001 0100 
15 ee Be 17 i 0001 0101 
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2-{ GRAY CODE 


The Gray code belongs to a class of codes called minimum-change codes, in 
which only one bit in the code group changes when going from one step to the 
next. The Gray code is an unweighted code, meaning that the bit positions in the 
code groups do not have any specific weight assigned to them. Because of this, 
the Gray code is not suited for arithmetic operations but finds application in 
input/output devices and some types of analog-to-digital converters. 

Table 2-4 shows the Gray-code representation for the decimal numbers 0 
through 15, together with the straight binary code. If we examine the Gray-code 
groups for each decimal number, it can be seen that in going from any one deci- 
mal number to the next, only one bit of the Gray code changes. For example, in 
going from 3 to 4, the Gray code changes from 0010 to 0110, with only the second 
bit from the left changing. Going from 14 to 15 the Gray-code bits change from 
1001 to 1000, with only the last bit changing. This is the principal characteristic of 
the Gray code. Compare this with the binary code, where anywhere from one to 
all of the bits change in going from one step to the next. 

The Gray code is often used in situations where other codes, such as binary, 
might produce erroneous or ambiguous results during those transitions in which 
more than one bit of the code is changing. For instance, using binary code and 
going from 0111 to 1000 requires that all four bits change simultaneously. Depend- 
ing on the device or circuit that is generating the bits, there may be a significant 
difference in the transition times of the different bits. If so, the transition from 0111 
to 1000 could produce one or more intermediate states. For example, if the most 
significant bit changes faster than the rest, the following transitions will occur: 


O 111 — decimal 7 

u 

1 111 =— _ etroncous code 
add 

1000 — decimal 8 


The occurrence of 1111 is only momentary but it could conceivably produce 
erroneous operation of the elements that are being controlled by the bits. Obvi- 
ously, using the Gray code would eliminate this problem, since only one bit 
change occurs per transition and no “race” between bits can occur. 


Table 2-4 


Decimal Binary Code Gray Code Decimal Binary Code Gray Code - 


0 0000 0000 8 1000 
1 0001 0001 9 1001 
2 0010 0011 10 1010 
3 0011 0010 ri 1011 
a 0100 0110 12 1100 
) 0101 0111 13 1101 
6 0110 0101 14 1110 
i 0111 0100 15 1111 
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REVIEW QUESTION 


1. What is the principal advantage of the Gray code over straight binary? : - 2 


2-8 ALPHANUMERIC CODES 


In addition to numerical data, a computer must be able to handle nonnumerical 
information. In other words, a computer should recognize codes that represent let- 
ters of the alphabet, punctuation marks, and other special characters as well as 
numbers. These codes are called alphanumeric codes. A complete alphanumeric 
code would include the 26 lowercase letters, 26 uppercase letters, 10 numeric dig- 
its, 7 punctuation marks, and anywhere from 20 to 40 other characters, such as + , 
/, #, %, *, and so on. We can say that an alphanumeric code represents all of the 
various characters and functions that are found on a standard typewriter (or com- 
puter) keyboard. 


ASCIE Code — The most widely used alphanumeric code, the American Stan- 
dard Code for Information Interchange (ASCII), is used in most microcomputers 
and minicomputers, and in many mainframes. The ASCII code (pronounced 
“askee”) is a 7-bit code, and so it has 2’ = 128 possible code groups. This is more 
than enough to represent all of the standard keyboard characters as well as control 
functions such as the <RETURN> and <LINEFEED> functions. Table 2-5 shows a 
partial listing of the ASCII code. In addition to the binary code group for each 
character, the table gives the octal and hexadecimal equivalents. 


KXAMPLE 2-8 
The following is a message encoded in ASCII code. What is the message? 


1001000 1000101 1001100 1010000 


solution 
Convert each 7-bit code to its hex equivalent. The results are 


48 45 4C 50 
Now locate these hex values in Table 2-5 and determine the character represented 
by each. The results are 
i bP 


The ASCII code is used for the transfer of alphanumeric information between 
a computer and input/output devices such as video terminals or printers. A com- 
puter also uses it internally to store the information that an operator types in at the 
computer’s keyboard. The following example illustrates this. 
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Table 2-5 Partial Listing of ASCII Code 


Character 7-Bit ASCII Octal Hex Character 7-Bit ASCII Octal Hex 
A 100 0001 101 41 y 101 1001 131 Be, 
B 100 0010 102 42 V4 101 1010 152 5A 
CG 100 0011 103 43 0 011 0000 060 30 
D 100 0100 104 44 1 O11 0001 061 a1 
E 100 0101 105 45 2 011 0010 062 22 
F 100 0110 106 46 3 011 0011 063 ce, 
G 100 0111 107 47 4 011 0100 064 34 
H 100 1000 110 48 | 011 0101 065 a2 
I 100 1001 jaw 49 6 011 0110 066 36 
7 100 1010 112 4A 7 011 0111 067 or 
K 100 1011 Tis 4B 8 011 1000 070 38 
L 100 1100 114 4C 9 011 1001 071 a9 
M 100 1101 115 4D blank 010 0000 040 20 
N 100 1110 LG 4E 010 1110 056 2E 
O 100 1111 1/7 4F ( 010 1000 050 28 
P 101 0000 120 50 + 010 1011 053 2B 
©) 101 0001 121 a1 $ 010 0100 044 24 
R 101 0010 Ve 52 i 010 1010 052 2A 
5 101 OO11 123 Ee. ) 010 1001 051 2 
T 101 0100 124 54 010 1101 055 2D 
U 101 0101 125 >> / 010 1111 057 2F 
V 10] 0110 126 56 010 1100 054 2G 
W 101 0111 127 57 = 011 1101 075 3D 
xX 101 1000 130 58 <RETURN> 000 1101 015 OD 


<LINEFEED> 000 1010 012 OA 


EXAMPLE 2-9 


An operator is typing in a BASIC program at the keyboard of a certain microcom- 
puter. The computer converts each keystroke into its ASCII code and stores the 
code in memory. Determine the codes that will be entered into memory when the 
operator types in the following BASIC statement: 


GOTO 25 
solution 
Locate each character (including the space) in Table 2-5 and record its ASCII code. 
G 1000111 
O 1001111 
T 1010100 
O 1001111 
(space) 0100000 
2 0110010 
5 0110101 
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REVIEW QUESTIONS 


1. Encode the following message in ASCII code using the hex representa- 
tion: “COST = $72.” 


2. The following ASCII-coded message is stored in successive memory loca- 
tions in a computer: 


1010011 1010100 1001111 1010000 


What is the message? 


2-9 PARITY METHOD FOR ERROR DETECTION 


The movement of binary data and codes from one location to another is the most 
frequent operation performed in digital systems. Here are some examples: 


gm Transmission of digitized voice over a microwave link 


m The storage and retrieval of data from external memory devices such as mag- 
netic tape and disk 


m The transmission of information from a computer to a remote user terminal 
or another computer 


Whenever information is transmitted from one device (the transmitter) to an- 
other device (the receiver), there is a possibility that errors can occur such that the 
receiver does not receive the identical information that was sent by the transmitter. 
The major cause of any transmission errors is electrical noise, which consists of 
spurious fluctuations in voltage or current that are present in all electronic systems 
to varying degrees. Figure 2-2 is a simple illustration of a type of transmission error. 

The transmitter sends a relatively noise-free serial digital signal over a signal 
line to a receiver. However, by the time the signal reaches the receiver, it contains 
a certain degree of noise superimposed on the original signal. Occasionally, the 
noise is large enough in amplitude that it will alter the logic level of the signal as it 
does at point x. When this occurs, the receiver may incorrectly interpret that bit as 
a logic 1, which is not what the transmitter has sent. 

Most modern digital equipment is designed to be relatively error-free, and 
the probability of errors such as that shown in Figure 2-2 is very low. However we 
must realize that digital systems often transmit thousands, even millions of bits per 
second, so that even a very low rate of occurrence of errors can produce an occa- 
sional error that might prove to be bothersome, if not disastrous. For this reason, 
many digital systems employ some method for detection (and sometimes correc- 


Figure 2-2 Example of noise causing an error in the transmission of digital data. 


T9T anne 


Xx 


Transmitter Receiver 
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tion) of errors. One of the simplest and most widely used schemes for error detec- 
tion is the parity method. 


Parity Bit A parity bit is an extra bit that is attached to a code group that is 
being transferred from one location to another. The parity bit is made either O or 1, 
depending on the number of 1s that are contained in the code group. Two differ- 
ent methods are used. 

In the even-parity method, the value of the parity bit is chosen so that the total 
number of 1s in the code group (including the parity bit) is an even number. For ex- 
ample, suppose that the group is 1000011. This is the ASCII character C. The code 
group has three 1s. Therefore, we will add a parity bit of 1 to make the total number 
of Is an even number. The new code group, including the parity bit, thus becomes 

41000011 
tT sadded parity bit* 

If the code group contains an even number of 1s to begin with, the parity bit 
is given a value of 0. For example, if the code group were 1000001 (the ASCII 
code for “A”), the assigned parity bit would be 0, so that the new code, including 
the parity bit, would be 01000001. 

The odd-parity method is used in exactly the same way except that the parity 
bit is chosen so the total number of 1s (including the parity bit) is an odd number. 
For example, for the code group 1000001, the assigned parity bit would be a 1. 
For the code group 1000011, the parity bit would be a 0. 

Regardless of whether even parity or odd parity is used, the parity bit be- 
comes an actual part of the code word. For example, adding a parity bit to the 7- 
bit ASCII code produces an 8-bit code. Thus, the parity bit is treated just like any 
other bit in the code. 

The parity bit issued to detect any single-bit errors that occur during the 
transmission of a code from one location to another (e.g., from a computer to a 
video terminal). For example, suppose the character “A” is being transmitted and 
odd parity is being used. The transmitted code would be 
11000001 
When the receiver circuit receives this code, it will check that the code contains an 
odd number of 1s Gncluding the parity bit). If so, the receiver will assume that the 
code has been correctly received. Now, suppose that because of some noise or 
malfunction the receiver actually receives the following code: 


11000000 


The receiver will find that this code has an even number of 1s. This tells the re- 
ceiver that there must be an error in the code, since presumably the transmitter 
and receiver have agreed to use odd parity. There is no way, however, that the re- 
ceiver can tell which bit is in error, since it does not know what the code is sup- 
posed to be. 

It should be apparent that this parity method would not work if two bits 
were in error, because two errors would not change the “oddness” or “evenness” 
of the number of 1s in the code. In practice, the parity method is used only in situ- 
ations where the probability of a single error is very low and the probability of 
double errors is essentially zero. 


*The parity bit can be placed at either end of the code group but is usually placed to the left of the 
MSB. 
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When the parity method is being used, the transmitter and receiver must 
have agreement, in advance, as to whether odd or even parity is being used. 
There is no advantage of one over the other, although even parity seems to be 
used more often. The transmitter must attach an appropriate parity bit to each unit 
of information that it transmits. For example, if the transmitter is sending ASCH- 
coded data, it will attach a parity bit to each 7-bit ASCII code group. When the re- 
ceiver examines the data that it has received from the transmitter, it checks each 
code group to see that the total number of 1s including the parity bit) is consis- 
tent with the agreed-upon type of parity. This is often called checking the parity of 
the data. In the event that it detects an error, the receiver may send a message to 
the transmitter asking it to retransmit the last set of data. The exact procedure that 
is followed when an error is detected will depend on the particular system design. 


EXAMPLE 2-10 


A transmitter is sending ASCII-coded data to a receiver with an even-parity bit. 
Show the actual codes when the transmitter is sending the message “HELLO.” 


Solution 


First look up the ASCII codes for each character in the message. Then for each 
code, count the number of 1s. If it is an even number, attach a 0 as the MSB. If it 
is an odd number, attach a 1. Thus the resulting 8-bit codes will all have an even 
number of 1s Gincluding parity). 


y-——__ attached even-parity bits 


H- 0 100100 0 
E- 1 1000101 
L- 1 100110 0 
L- { 100110 0 
O- 1 1004411 


REVIEW QUESTIONS 


1. Attach an odd-parity bit to the ASCII code for the $ symbol, and express 
the result in hexadecimal. 


2. Attach an even-parity bit to the BCD code for decimal 69. 
3. Why can’t the parity method detect a double error in transmitted data? 


2-10 REVIEW 


By way of review, here are some more examples illustrating the operations cov- 
ered in this chapter. 
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EXAMPLE 2-11 


(a) Convert decimal 135 to binary. 


35 
es eee 4+. Bi 
16 2 R 
£ =04+R 
16 a 
(d) Convert decimal 479 to BCD. 
4 7 9 
. = = 


0100 0111 1001 BCD 
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(e) Convert binary 101101 to decimal. 
10110ls =1X 240% PF IK Pr xX 2+Ox2 41x 2 

= 42 ~~“ 2 + 4 a 

= 4519 
(f) Convert octal 6254 to decimal. 

62544 =6X 8+2x8*+5x8'+4xX 8° 

=6X512+2X644+5X84+4X1 = 32441 

(g) Convert hex 1A3F to decimal. 
(ASF =1 X 16° + 10 °X 167 +3 X 16> 15 x16" 
= 4096 + 2560 + 48 + 15 = 671940 
(h) Convert 010010010110 (BCD) to decimal. 
0100 1001 0110 (BCD) 


eel SZ! OO CO 


4 9 610 
G) Convert binary 10110111 to octal and hex. 
O10 110° 1171 


Nate Ney) © Nae el 


2 6 Te 
1011 0111 


Ra ey 


BD 67716 
G) Convert hexadecimal E61 to binary. 


1110 0110 00012 
(k) Convert octal 724 to binary. 
7 2 +4 
> a 
111 010 1002 
Q) Add an odd parity bit to the ASCII code for ‘2’. 
From Table 2-5, the code for ‘Z’ is 1011010. The number of 1s in this code 


group is four, an even number. Therefore, to achieve odd parity, we have to attach 
a 1 asa parity bit (MSB) as follows: 


11011010 


Note that the complete code group—including the parity bit—now has an odd 
number of 1s. 
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PROBLEMS 


SECTIONS 2-1 AND 2-2 


2-1. 


2-2. 


Convert these binary numbers to decimal. 

(a) 10110 (d) 1111010111 
(b) 10001101 (e) 10111111 
(c) 100100001001 


Convert the following decimal values to binary. 


(a) 37 (d) 205 
(b) 14 (e) 2313 
(c) 189 (f) 511 


2-3. What is the largest decimal value that can be represented by an 8-bit bi- 

nary number? A 16-bit number? 
SECTION 2-3 

2-4. Convert each octal number to its decimal equivalent. 
(a) 743 (d) 257 
(b) 306 (e) 1204 
(c) 3777 

2-5. Convert each of the following decimal numbers to octal. 
(a) 59 (d) 65,536 
(b) 372 (e) 255 
(c) 919 

2-6. Convert each of the octal values from Problem 2-4 to binary. 


2-7. 
2-8. 
- When a large decimal number is to be converted to binary, it is sometimes 


Convert the binary numbers in Problem 2-1 to octal. 
List the octal numbers in sequence from 165g to 200s. 


easier to convert it first to octal, and then from octal to binary. Try this 
procedure for 231319 and compare it with the procedure used in Problem 
2-2(e). 


SECTION 2-4 

2-10. Convert these hex values to decimal. 
(a) 92 (d) 2C0 
(b) 1A6 (e) 7FF 
(c) 37FD 

2-11. Convert these decimal values to hex. 
(a) 75 (d) 25,619 
(b) 314 (e) 4095 
(c) 2048 

2-12. Convert the binary numbers in Problem 2-1 to hexadecimal. 


2-13. 


Convert the hex values in Problem 2-10 to binary. 
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2-14. 


In most microcomputers the addresses of memory locations are specified 
in hexadecimal. These addresses are sequential numbers that identify each 
memory circuit. 

(a) A particular microcomputer can store an 8-bit number in each 
memory location. If the memory addresses range from 000016 to 
FFFF16, how many memory locations are there? 

(b) Another microcomputer is specified to have 4096 memory locations. 
What range of hex addresses does this computer use? 


2-15. List the hex numbers in sequence from 280 to 2A0. 
SECTION 2-5 
2-16. Encode these decimal numbers in BCD 
(a) 47 (d) 42,689,627 
(b) 962 (e) 1204 
(c) 187 


2-17. 


How many bits are required to represent the decimal numbers in the 
range from 0 to 999 using straight binary code? Using BCD code? 


2-18. The following numbers are in BCD. Convert them to decimal. 
(a) 1001011101010010 (b) 000110000100 
(c) 0111011101110101 (d) 010010010010 
SECTION 2-8 


2-19. 


2-20. 


2-21. 


Represent the statement “X = 25/Y” in ASCII code (excluding quotes). At- 
tach an even-parity bit. 

Attach an even-parity bit to each of the ASCII codes for Problem 2-19 and 
give the results in hex. 

The following code groups are being transmitted. Attach an even-parity bit 
to each group. 

(a) 10110110 

(b) 00101000 

(c) 11110111 
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2-22. 


2-23. 


Convert the following decimal numbers to BCD code and then attach an 
odd-parity bit. 
(a) 74 (c) 165 
(b) 38 (d) 9201 
In a certain digital system, the decimal numbers from 000 through 999 are 
represented in BCD code. An odd-parity bit is also included at the end of 
each code group. Examine each of the code groups below and assume 
that each one has just been transferred from one location to another. 
Some of the groups contain errors. Assume that 70 more than two errors 
have occurred for each group. Determine which of the code groups have 
a single error and which of them definitely have a double error. (Hint: Re- 
member that this is a BCD code.) 
(a) 1001010110000 

re parity bit 
(b) 0100011101100 
(c) 0111110000011 
(d) 1000011000101 
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2-24. 


Suppose that the receiver received the following data from the transmitter 
of Example 2-10: 


O 1 0 0 1 0 0 +0 
1 1 0 0 0 1 0 +1 
1 1 0 0 1 1 0 0 
1 t 0 0 1 0 0 0 
1 1 0 0 1 1 +0 0 


What errors can the receiver determine in these received data? 


DRILL QUESTIONS 


2-25. 


2-206. 


2-27. 


Perform each of the following conversions. For some of them, you may 

want to try several methods to see which one works best for you. For ex- 

ample, a binary-to-decimal conversion may be done directly, or it may be 

done as a binary-to-octal conversion followed by an octal-to-decimal con- 

version. 

(a) 141710 ee 

(b) 2555 =__ 

(c) 110100012 _10 

(e) 249719 =__ tC‘ B 

(ff) 5llin = ig 

(g) 2353=_ lt 

(h) 4316; =_ 

@ 7A96=_ it 

G) 3EICj6=_ tg 

(k) 160010 = i= 16 

GQ) 38,18710 = 16 

(m) 86510 = __ (BCD) 

(n) 100101000111 (BCD) = 10 

(o) 4058 = : ered | 5 

(p) B341=_ ig 

(q) 01110100(BCD) = ; 

(r) 1110102 = (BCD) 

Represent the decimal value 37 in each of the following ways: 

(a) straight binary, (b) BCD, (c) hex, (d) ASCII (i.e., treat each digit as a 
character), (e) octal. 

Fill in the blanks with the correct word or words. 

(a) Conversion from decimal to requires repeated 
division by 8. 

(b) Conversion from decimal to hex requires repeated division by 


(c) In the BCD code, each is converted to its 4-bit 
binary equivalent. 

(d) The code has the characteristic that only one bit 
changes in going from one step to the next. 

(e) A transmitter attaches a to a code group to allow the 


receiver to detect 
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(f) The code is the most common alphanumeric code 
used in computer systems. 

(g) and are often used as a convenient 
way to represent large binary numbers. 


2-28. Write the binary number that results when each of the following numbers 
is incremented by one: (a) 0111 (b) 010000 (c) 1110 


2-29. Repeat Problem 2-28 for the decrement operation. 


2-30. Write the number that results when each of the following is incremented: 
(a) 7777s (b) 777716 «(c) 2000s Cd) 200016 (Ce) 9FFic Cf) 100016 
2-31. Repeat Problem 2-30 for the decrement operation. 


CHALLENGING EXERCISES 


2-32. Perform the following conversions between base-5 and _ decimal 


(a) 3421; = _ at QD) 726s = __ CS 
2-33. Convert the following binary number directly into its base-4 equivalent: 
01001110 


2-34. Construct a table showing the binary, octal, hex and BCD representations 
of all decimal numbers from 0 to 15. Compare your table with Table 2-3. 


ANSWERS TO SECTION REVIEW QUESTIONS 


SECTION 2-1 SECTION 2-7 

A. 2267 2. 32768 1. No intermediate states occur during 
transitions. 

SECTION 2-2 
SECTION 2-8 


1. 1010011 2. 1011011001 
1. 43, 4F, 53, 54, 20, 3D, 20, 24, 37, 32 


SECTION 2-3 2. STOP 

1. 396 2. 222; 010010010 5, 233 SECTION 2-9 

4. 627, 630, 631 5. 1111001111 

6. 699 1. A4 2. 001101001 3. Two errors 
in the data would not change the oddness 

SECTION 2-4 or evenness of the number of 1s in the 


data. 
1. 9422-2. C2D: 110000101101 ~— 


3. 97B5 4. E9QE, E9F, EAO, EA] 
5. 757 


SECTION 2-5 


1. 101100102; 000101111000 (BCD) 

Pe 2 3. Advantage: ease of 
conversion; disadvantage: BCD requires 
more bits. 
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OBJECTIV!I 


Upon completion of this chapter, you will be able to: 


m Analyze the INVERTER circuit. 


m Describe the operation of and construct the truth tables for the AND, 
NAND, OR, and NOR gates. 


m Draw timing diagrams for the various logic-circuit gates. 


m Write the Boolean expression for the logic gates and combinations of 
logic gates. 


= Implement logic circuits using basic AND, OR, and NOT gates. 


w Simplify complex logic circuits by applying the various Boolean algebra 
laws and rules. 


m Simplify intricate Boolean equations by applying DeMorgan’s theorems. 


m Use either of the universal gates (NAND or NOR) to implement the cir- 
cuit represented by a Boolean expression. 


m Explain the advantages of constructing a logic circuit diagram using the 
alternate gate symbols, versus the standard logic-gate symbols. 


m Describe the concept of active-LOW and active-HIGH logic signals. 


m Draw and interpret logic circuits that use the new IEEE/ANSI standard 
symbols. 


INTRODUCTI 


As pointed out in Chapter 1, digital (logic) circuits operate in the binary mode 
where each input and output voltage is either a 0 or 1; the 0 and 1 designations 
represent predefined voltage ranges. This characteristic of logic circuits allows us 
to use Boolean algebra as a tool for the analysis and design of digital systems. In 
this chapter we will study Jogic gates, which are the most fundamental logic cir- 
cuits, and we will see how their operation can be described using Boolean alge- 
bra. We will also see how logic gates can be combined to produce logic circuits, 
and how these circuits can be described and analyzed using Boolean algebra. 
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3-1 BOOLEAN CONSTANTS AND VARIABLES 


Boolean algebra differs in a major way from ordinary algebra in that Boolean con- 
stants and variables are allowed to have only two possible values, 0 or 1. A 
Boolean variable is a quantity that may, at different times, be equal to either 0 or 
1. The Boolean variables are often used to represent the voltage level present on a 
wire or at the input/output terminals of a circuit. For example, in a certain digital 
system the Boolean value of 0 might be assigned to any voltage in the range from 
0 to 0.8 V while the Boolean value of 1 might be assigned to any voltage in the 
range 2 to 5 V.* 

Thus, Boolean 0 and 1 do not represent actual numbers but instead represent 
the state of a voltage variable, or what is called its logic level. A voltage in a digi- 
tal circuit is said to be at the logic level 0 or the logic level 1, depending on its ac- 
tual numerical value. In the digital logic field several other terms are used synony- 
mously with 0 and 1. Some of the more common ones are shown in Table 3-1. We 
will use the 0/1 and LOW/HIGH designations most of the time. 

Boolean algebra is used to express the effects that various digital circuits 
have on logic inputs, and to manipulate logic variables for the purpose of deter- 
mining the best method for performing a given circuit function. In all our work to 
follow we shall use letter symbols to represent logic variables. For example, A 
might represent a certain digital circuit input or output, and at any time we must 
have either A =0 or A =1: if not one, then the other. 

Because only two values are possible, Boolean algebra is relatively easy to 
work with as compared with ordinary algebra. In Boolean algebra there are no 
fractions, decimals, negative numbers, square roots, cube roots, logarithms, imagi- 
nary numbers, and so on. In fact, in Boolean algebra there are only three basic op- 
erations: OR, AND, and NOT: 

These basic operations are called /ogic operations. Digital circuits called logic 
gates can be constructed from diodes, transistors, and resistors connected in such a 
way that the circuit output is the result of a basic logic operation (OR, AND, NOT ) 
performed on the inputs. We will be using Boolean algebra first to describe and 
analyze these basic logic gates, then later to analyze combinations of logic gates 
connected as logic circuits. 


Table 3-1 
LOGIC 0 LOGIC 1 
False True 
Off On 
Low High 
No Yes 
Open switch Closed switch 


“Voltages between 0.8 and 2 V are undefined (neither 0 nor 1) and under normal circumstances should- 
not occur. 
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Figure 3-1 Example truth tables for (a) two-input, (b) three-input, 
and (c) four-input circuits. 


3-2 TRUTH TABLES 


A truth table is a means for describing how a logic circuit’s output depends on the 
logic levels present at the circuit’s inputs. Figure 3-1(a) illustrates a truth table for 
one type of two-input logic circuit. The table lists all possible combinations of 
logic levels present at inputs A and B along with the corresponding output level x. 
The first entry in the table shows that when A and B are both at the O level, the 
output x is at the 1 level or, equivalently, in the 1 state. The second entry shows 
that when input B is changed to the 1 state, so that A = 0 and B= 1, the output x 
becomes a 0. In a similar way, the table shows what happens to the output state 
for any set of input conditions. 

Figure 3-1(b) and (c) show samples of truth tables for three- and four-input 
logic circuits. Again, each table lists all possible combinations of input logic levels 
on the left, with the resultant logic level for output x on the right. Of course, the 
actual values for x will depend on the type of logic circuit. 

Note that there are 4 table entries for the two-input truth table, 8 entries for a 
three-input truth table, and 16 entries for the four-input truth table. The number of 
input combinations will equal 2% for an N-input truth table. Also note that the list 
of all possible input combinations follows the binary counting sequence, and so it 
is an easy matter to write down all the combinations without missing any. 


REVIEW QUESTIONS 


1. What is the output state of the four-input circuit represented in Figure 

_ 3-1(c) when all inputs are 1? _ 

2. Repeat question 1 for the following input conditions: A = 1, B = 0, C = 1, 
D = 0. 
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OR Gate 


(a) ib) 


Figure 3-2 (a) Truth table defining the OR opera- 
tion; (b) circuit symbol for a two-input OR gate. 


3-3 OR OPERATION 


Let A and B represent two independent logic variables. When A and B are com- 
bined using the OR operation, the result, x, can be expressed as 


X=A+t+B 


In this expression the + sign does not stand for ordinary addition; it stands for the 
OR operation, whose rules are given in the truth table shown in Figure 3-2(a). 

It should be apparent from the truth table that except for the case where A = 
B= 1, the OR operation is the same as ordinary addition. However, for A= B= 1 
the OR sum is 1 (not 2 as in ordinary addition). This is easy to remember if we re- 
call that only 0 and 1 are possible values in Boolean algebra, so that the largest 
value we can get is 1. This same result is true if we have x= A+ B+ C, for the 
case where A = B= C'= 1. That is, 


x=1+1+7+1=1 


We can therefore say that the OR operation result will be 1 if any one or more 
variables is a 1. This is also clear in the table in Figure 3-2(a). 

The expression x = A+ B is read as “x equals A OR B.” The key thing to re- 
member is that the + sign stands for the OR operation as defined by the truth 
table in Figure 3-2(a), and not for ordinary addition. 


OR Gate In digital circuitry an OR gate* is a circuit that has two or more in- 
puts and whose output is equal to the OR sum of the inputs. Figure 3-2(b) is the 
logic symbol for a two-input OR gate. The inputs A and B are logic voltage levels 
and the output x is a logic voltage level whose value is the result of the OR opera- 
tion on A and B; that is, x = A+ B. In other words, the OR gate operates in such 
a way that its output is HIGH Cogic 1) if either input A or B or both are at a logic 1 
level. The OR gate output will be LOW Cogic 0) only if all its inputs are at logic 0. 

This same idea can be extended to more than two inputs. Figure 3-3 shows a 
three-input OR gate and its truth table. Examination of this truth table shows again 
that the output will be 1 for every case where one or more inputs are 1. This gen- 
eral principle is the same for OR gates with any number of inputs. 

Using the language of Boolean algebra, the output x» can be expressed as 
x= A+ B+ C, where again it must be emphasized that the + represents the OR 


*The term gate comes about from the inhibit/enable operation discussed in Chapter 4. 
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Figure 3-3 Symbol and truth table for a three-input OR 
gate. 


operation. The output of any OR gate, then, can be expressed as the OR of its var- 
ious inputs. We will put this to use when we subsequently analyze logic circuits. 


Summary of the OR Operation The important points to remember 
concerning the OR operation and OR gates are: 


1. The OR operation produces a result of 1 when any of the input variables is 1. 


2. The OR operation produces a result of 0 only when all the input variables 
are:0. 


3. With the OR operation, 1 + 1 =1,1+4+1+1= 1, and so on. 


XAMPLE 3- 1 


In many industrial control systems it is required to activate an output function 
whenever any one of several inputs is activated. For example, in a chemical 
process it may be desired that an alarm be activated whenever the process temper- 
ature exceeds a maximum value or whenever the pressure goes above a certain 
limit. Figure 3-4 is a block diagram of this situation. The temperature transducer 
circuit produces an output voltage proportional to the process temperature. This 


Figure 3-4 Example of the use of OR gate in alarm system. 
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voltage, Vr, is compared with a temperature reference voltage, Vrr, in a voltage 
comparator circuit. The comparator output is normally a low voltage (logic 0), but 
it switches to a high voltage Cogic 1) when Vy; exceeds Vyr, indicating that process 
temperature is excessive. A similar arrangement is used for the pressure measure- 
ment, so that its associated comparator output goes from low to high when the 
pressure is excessive. 

Since we want the alarm to be activated when either temperature or pressure 
is too high, it should be apparent that the two comparator outputs can be fed to a 
two-input OR gate. The OR gate output thus goes HIGH (1) for either alarm condi- 
tion and will activate the alarm. This same idea can obviously be extended to situ- 
ations with more than two process variables. 


EXAMPLE 3-2 


Determine the OR gate output in Figure 3-5. The OR gate inputs A and B are vary- 
ing according to the timing diagrams shown. For example, A starts out LOW at 
time fo, goes HIGH at h, back LOW at &, and so on. 


A 
A Output =A+B 
| 
| B 
| 
. L. 
| 
[ C 
tot 
Output ! 
| 
| 
| 
| 


La 


Fi 


—_ 
Time 


Figure 3-5 Example 3-2. 


Solution 


The OR gate output is determined by realizing that it will be HIGH whenever any 
input is at the high level. When A goes HIGH at 4, OUTPUT will go HIGH. OUT- 
PUT will stay HIGH until 44, when both inputs are LOW. Note that the changes in 
the input levels that occur at t2 and 4 have no effect on OUTPUT, since one of the 
inputs remains at the HIGH level while the other is changing. As long as one input 
to an OR gate is HIGH, the output will stay HIGH regardless of what is happening 
at the other inputs. The same reasoning is used to determine the rest of the timing 
diagram for OUTPUT. 
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Figure 3-6 Example 3-3. 


EXAMPLE 3-3A 


For the situation depicted in Figure 3-6, determine the waveform at the OR gate 
output. 


Solution 


The three OR gate inputs A, B, and Care varying, as shown by their waveform di- 
agrams. The OR gate output is determined by realizing that it will be high when- 
ever any of the three inputs is at a high level. Using this reasoning, the OR output 
waveform is as shown in the figure. Particular attention should be paid to what oc- 
curs at time ft. The diagram shows that at that instant of time, input A is going 
from high to low while input B is going from low to high. Since these inputs are 
making their transitions at approximately the same time and since these transitions 
take a certain amount of time, there is a short interval when these OR gate inputs 
are both in the undefined range between 0 and 1. When this occurs, the OR gate 
output also becomes a value in this range, as evidenced by the glitch or spike on 
the output waveform at 4. The occurrence of this glitch and its size (amplitude 
and width) depend on the speed with which the input transitions occur. 


EXAMPLE 3-3B 


What would happen to the glitch in the output in Figure 3-6 if input C sat in the 
HIGH state while A and B were changing at time h? 


Solution 


With the C input HIGH at t, the OR gate output will remain HIGH regardless of 
what is occurring at the other inputs, because any HIGH input will keep an OR 
gate output HIGH. Therefore, the glitch will not appear in the output. 
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REVIEW OUESTIONS 


1. What is the only set of input conditions that will produce a LOW output 
for any OR gate? 


2. Write the Boolean expression for a six-input OR gate. 


3. If the A input in Figure 3-6 is permanently kept at the 1 level, what will 
the resultant output waveform be? 


3-4 AND OPERATION 


If two logic variables A and B are combined using the AND operation, the result, 
x, can be expressed as 

x= Ae B 
In this expression the - sign stands for the Boolean AND operation whose rules are 
given in the truth table shown in Figure 3-7(a). 

It should be apparent from the table that the AND operation is exactly the 
same as ordinary multiplication. Whenever A or B is 0, their product is zero; when 
both A and Bare 1, their product is 1. We can therefore say that in the AND oper- 
ation the result will be 1 only if all the inputs are 1; for all other cases the result 
is), 

The expression x = A: Bis read “x equals A AND B.” The multiplication sign 
is generally omitted as in ordinary algebra, so that the expression becomes x = 
AB. The key thing to remember is that the AND operation is the same as ordinary 
multiplication, where the variables can be either O or 1. 


AND Gate The logic symbol for a two-input AND gate is shown in Figurer 
3-7(b). The AND gate output is equal to the AND product of the logic inputs; that 
is, x = AB. In other words, the AND gate is a circuit that operates in such a way 
that its output is HIGH only when all its inputs are HIGH. For all other cases the 
AND gate output is LOW. 

This same operation is characteristic of AND gates with more than two in- 
puts. For example, a three-input AND gate and its accompanying truth table are 
shown in Figure 3-8. Once again, note that the gate output is 1 only for the case 


Figure 3-7 = (a) Truth table for the AND operation; 
(b) AND gate symbol. 


x = AB 
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Figure 3-8 = Truth table and symbol for a three-input 
AND gate. 


where A = B= C= 1. The expression for the output is x» = ABC. For a four-input 
AND gate, the output is x = ABCD, and so on. 

Note the difference between the symbols for the AND gate and the OR gate. 
Whenever you see the AND symbol on a logic-circuit diagram, it tells you that the 
output will go HIGH only when al// inputs are HIGH. Whenever you see the OR 
symbol, it means that the output will go HIGH when any input is HIGH. 


Summary of the AND Operation 


1. The AND operation is performed exactly like ordinary multiplication of 1s 
and Os. 
2. An output equal to 1 occurs only for the single case where all inputs are 1. 


3. The output is 0 for any case where one or more inputs are 0. 


EXAMPLE 3-4 


Determine the output x from the AND gate in Figure 3-9 for the given input wave- 
forms. 


A x = AB 


iy it; Be Win tf 72 5G 


Figure 3-9 Example 3-4. 
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Solution 


The output of an AND gate is determined by realizing that it will be high only 
when all inputs are high at the same time. For the input waveforms given, this 
condition is met only during intervals f— and ts—bh, At all other times, one or 
more of the inputs is a 0, thereby producing a low output. Note that input level 
changes that occur while the other input is low have no effect on the output. 


EXAMPLE B-DA 


Determine the output waveform for the AND gate shown in Figure 3-10. 


Se 
x TULL 


Figure 3-10 Example 3-5. 


Solution 


The output x will be at 1 only when A and B are both high at the same time. 
Using this fact, the x waveform can be determined as shown in the figure. 

Notice that the « waveform is 0 whenever B is 0, regardless of the signal 
at A. Also notice that whenever B is 1 the x waveform is the same as A. Thus we 
can think of the B input as a control input whose logic level determines whether 
the A waveform gets through to the x output or not. In this situation, the AND 
gate is used as an inhibit circuit. We can say that B= 0 is the inhibit condition 
producing a 0 output. Conversely, B= 1 is the enable condition, which enables A 
to reach the output. This inhibit operation is an important application of AND 
gates which will be encountered later. 


EXAMPLE 3-DB 


What will happen to the x output waveform in Figure 3-10 if the B input is kept at 
the 0 level? 


Solution 


With B kept LOW, the x output will also stay LOW. This can be reasoned in two 
different ways. First, with B = 0 we have x = A: B= A: 0 = 0, since anything mul- 
tiplied (ANDed) by 0 will be 0. Another way to look at it is that an AND gate re- 
quires that all inputs be HIGH in order for the output to be HIGH and this cannot 
happen if Bis kept LOW. 
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REVIEW QUESTIONS 


1. What is the only input combination that will produce a HIGH at. the out- 
put of a five-input AND gate? 


2. What logic level should be applied to the second input of a two-input 
AND gate if the logic signal at the first input is to be inhibited (prevented) 
from reaching the output? 

3. True or false: An AND gate output will always differ from an OR gate out- 
put for the same input conditions. 


3-5 NOT OPERATION 


The NOT operation is unlike the OR and AND operations in that it can be per- 
formed on a single input variable. For example, if the variable A is subjected to the 
NOT operation, the result x can be expressed as 
A 

where the overbar represents the NOT oon This expression is read “x equals 
NOT A” or “x equals the inverse of A” or “x equals the complement - A.” Each of 
these is in common usage and all indicate that the logic value of x = A is opposite 
to the logic value of A. The truth table in Figure 3-11(a) clarifies a for the two 
cases A= 0 and A = 1. That is, 


1=0 because NOT 1 is 0 
and 
=] because NOT 0 is 1 


The NOT operation is also referred to as inversion or complementation, and 
these terms will be used interchangeably throughout the book. Although we will 
always use the overbar indicator to represent inversion, it is important to mention 
that another indicator for inversion is the prime symbol ('). That is, 


A= A 
Both should be recognized as indicating the inversion operation. 


NOT Circuit (INVERTER) Figure 3-11(b) shows the symbol for a NOT 
circuit, which is more commonly called an INVERTER. This circuit always has only 
a single input, and its output logic level is always opposite to the logic level of this 


Figure 3-11 = (a) Truth table; (b) symbol for the INVERTER (NOT circuit); 
(c) sample waveforms. 
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input. Figure 3-11(c) shows how the INVERTER affects an input signal. It inverts 
(complements) the input signal at all points on the waveform. 


Summary of Boolean Operations The rules for the OR, AND, and 
NOT operations may be summarized as follows: 


OR AND NOT 
0+0=0 0:0=0 O0=1 
O+1=1 O-1=0 1=6 
1+0=1 1*0=0 
1+1=1 (eo 


REVIEW QUESTIONS 


1. The output of the INVERTER of Figure 3-11 is connected to the input of a 
second INVERTER. Determine the output level of the second INVERTER 
for each level of input A. 


2. The output of the AND gate in Figure 3-7 is connected to the input of an 
INVERTER. Write the truth table showing the INVERTER pulpUe y, for 
each combination of inputs A and B. 


3-6 DESCRIBING LOGIC CIRCUITS ALGEBRAICALLY 


Any logic circuit, no matter how complex, may be completely described using the 
Boolean operations previously defined, because the OR gate, AND gate, and NOT 
circuit are the basic building blocks of digital systems. For example, consider the 
circuit in Figure 3-12. This circuit has three inputs, A, B, and C, and a single out- 
put, x. Utilizing the Boolean expression for each gate, we can easily determine the 
expression for the output. 

The expression for the AND gate output is written A: B. This AND output is 
connected as an input to the OR gate along with C, another input. The OR gate 
operates on its inputs so that its output is the OR sum of the inputs. Thus, we can 
express the OR output as x = A: B+ C. (This final expression could also be writ- 
ten as x= C+ A: B, since it does not matter which term of the OR sum is written 
first.) 

Occasionally, there may be confusion as to which operation in an expression 
is performed first. The expression A- B+ C can be interpreted in two different 
ways: (1) A: B is ORed with C, or (2) A is ANDed with the term B+ C. To avoid 
this confusion, it will be understood that if an expression contains both AND and 
OR operations, the AND operations are performed first, unless there are parenthe- 
ses in the expression, in which case the operation inside the parentheses is to be 


Figure 3-12 Logic circuit with its Boolean expression. 


a A-B 


B x=A*B+C 
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B x=(A+B)*C 
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Figure 3-13. Logic circuit whose expression requires 
parentheses. 


B x=A+B 


Figure 3-14 Circuits using INVERTERs. 


performed first. This is the same rule that is used in ordinary algebra to determine 
the order of operations. 

To illustrate further, consider the circuit in Figure 3-13. The expression for 
the OR-gate output is simply A+ B. This output serves as an input to the AND 
gate along with another input, C. Thus, we express the output of the AND gate as 
x=(A+ B):C. Note the use of parentheses here to indicate that A and B are 
ORed first, before their OR sum is ANDed with C. Without the parentheses it 
would be interpreted incorrectly, since A+ B+: C means A is ORed with the prod- 
uct B: CG. 


Circuits Containing INVERTERS Whenever an INVERTER is present in 
a logic-circuit diagram, its output expression is simply equal to the input expres- 
sion with a bar over it. Figure 3-14 shows two examples using INVERTERs. In Fig- 
ure 3-14(a) the input A is fed through an INVERTER, whose output is therefore A. 
The INVERTER output is fed to an OR gate together with B, so that the OR output 
is equal to.A + B. Note that the bar is over the A alone, indicating that A is first in- 
verted and then ORed with B. 

In Figure 3-14(b) the output of the OR gate is equal to A+ B and is fed 
through an INVERTER. The INVERTER output is therefore equal to (4+ B), since 
it inverts the complete input expression. Note that the bar covers the entire expres- 
sion (A + B). This is important because, as will be shown later, the expressions 
(A + B) and (A + B) are not equivalent. The expression (A + B) means that A is 
ORed with B and then their OR sum is inverted, whereas the expression (A + B) 
indicates that A is inverted and B is inverted and the results are then ORed to- 
gether. 

Figure 3-15 shows two more examples, which should be studied carefully. 
Note especially the use of two separate sets of parentheses in Figure 3-15(b). Also 
notice in Figure 3-15(a) that the input variable A is connected as input to two dif- 
ferent gates. 
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Figure 3-15. More examples. 


REVIEW QUESTION 


1. in Figure = 15(a) Ste each AND gate to an OR gate, ae ca the | 
OR gate to. an AND eg oe write the poe on for oe x 


3-7 EVALUATING LOGIC-CIRCUIT OUTPUTS 


Once the Boolean expression for a circuit output has been obtained, the output 
logic level can be determined for any set of input levels. For example, suppose 
that we want to know the logic level of the output x for the circuit in Figure 
3-15(a) for the case where A= 0, B=1, C=1, and D=1. As in ordinary 
algebra, the value of x can be found by “plugging” the values of the variables 
into the expression and performing the indicated operations as follows: 


x= ABC(A + D) 


=0-'1-'1-0+D 
=1-:1-:1-0+D 
=1-1-:1-() 
=1-:1-1-0 
=f) 
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As another illustration, let us evaluate the output of the circuit in Figure 3-15(b) for 
A=0, B=0, C=1, D=1, and F= 1. 
x=([D+(A+ BDC]: E 
=({1+@0+0):1]-1 


={1+0-1]-1 
=[1+0]-1 
=[{1+1)-1 
=] 


In general, the following rules must always be followed when evaluating a 
Boolean expression: 


1. First, perform all inversions of single terms; that is, 0 = 1 or 1 = 0. 
2. Then perform all operations within parentheses. 


3. Perform an AND operation before an OR operation unless parentheses indi- 
cate otherwise. 


4. If an expression has a bar over it, perform the operations of the expression 
first and then invert the result. 


For practice, determine the outputs of both circuits in Figure 3-15 for the 
case where all inputs are 1. The answers are x = 0 and x = 1, respectively. 


Determining Output Level from a Diagram The output logic level 
for given input levels can also be determined directly from the circuit diagram 
without using the Boolean expression. This technique is often used by technicians 
during the troubleshooting or testing of a logic system since it also tells them what 
each gate output is supposed to be as well as the final output. To illustrate, the cir- 
cuit of Figure 3-15(a) is redrawn in Figure 3-16 with the input levels A = 0, B= 1, 
C=1, and D=1. The procedure is to start from the inputs and to proceed 
through each INVERTER and gate, writing down each of their outputs in the 
process until the final output is reached. 

In Figure 3-16, AND gate 1 has ai/ three inputs at the 1 level because the IN- 
VERTER changes the A= 0 to a 1. This condition produces a 1 at the AND output 
since 1-1-1= 1. The OR gate has inputs of 1 and 0, which produces a 1 output 
since 1 + 0 = 1. This 1 is inverted to 0 and applied to AND gate 2 along with the 1 
from the first AND output. The 0 and 1 inputs to AND gate 2 produce an output of 
0, because 0-1 = 0. 


Figure 3-16 Determining output level from circuit diagram. 
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EXAMPLE 8-6 


Determine the output in Figure 3-16 for the condition where all inputs are LOW. 


solution 


With A= B= C= D= 0, the output of AND gate 1 will be LOW. This LOW places 
a LOW at the input of AND gate 2, which automatically produces x = 0, regardless 
of the levels at other points in the circuit. This example shows that it is not always 
necessary to determine the logic level at every point in order to determine the out- 
put level. 


REVIEW AERP EE 


L Use the expression [or x [oO eee ine the output of chew circuit in Figure 
—3- 15(a) for the conditions e208 1,0 ie) 


2. ‘Use the expression for «tO determine the output of aie circuit in a Beure 
—3-15(b) for the conditions A=B=E=1,C=D=0. 


3. Determine the answers to questions 1 and 2 by pedis tic dlogic Bae 
present at each gate input and output as was done in Figure 3-16. 


3-8 IMPLEMENTING CIRCUITS FROM BOOLEAN 
EXPRESSIONS 


If the operation of a circuit is defined by a Boolean expression, a logic-circuit dia- 
gram can be implemented directly from that expression. For example, if we 
needed a circuit that was defined by x= A: B- C, we would immediately know 
that all that was needed was a three-input AND gate. If we needed a circuit that 
was defined by x = A+ B, we would use a two-input OR gate with an INVERTER 
on one of the inputs. The same reasoning used for these simple cases can be ex- 
tended to more complex circuits. 

Suppose that we wanted to construct a circuit whose output is y = AC + 
BC + ABC. This Boolean expression contains three terms (AC, BC, ABC), which 
are ORed together. This tells us that a three-input OR gate is required with inputs 
that are equal to AC) BC, and ABC, respectively. This is illustrated in Figure 
3-17(a), where a three-input OR gate is drawn with inputs labeled as AC, BC, and 
ABC. 

Each OR-gate input is an AND product term, which means that an AND gate 
with appropriate inputs can be used to generate each of these terms. This is 
shown in Figure 3-17(b), which is the final circuit diagram. Note the use of IN- 
VERTERs to produce the A and C terms required in the expression. 

This same general approach can always be followed, although we shall find 
that there are some clever, more efficient techniques that can be employed. For 
now, however, this straightforward method will be used to minimize the number 
of new things that are to be learned. 
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AC ee 
BC y = AC + BC + ABC 
ABC 


(a) 


y=AC+BC+ABC 


(b) 


Figure 3-17 Constructing a logic circuit from a Boolean expression. 


EXAMPLE 3-7 


Draw the circuit diagram that implements the expression x = AB + BC. 


solution 


This expression indicates that the terms AB and BC are inputs to an OR gate, and 
each of these two terms is generated from a separate AND gate. The result is 
shown in Figure 3-18. 


x = AB+ BC 


Figure 3-18 Example 3-7. 
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REVIEW QUESTIONS 


1. Draw the circuit diagram that implements the expression x = ABC(A + D) 
using gates with no more than three inputs. 


2. Draw the circuit diagram for the expression y = AC+ BC + ABC. 


3-9 NOR GATES AND NAND GATES 


Two other types of logic gates, NOR gates and NAND gates, are used extensively 
in digital circuitry. These gates actually combine the basic operations AND, OR, 
and NOT, which make it relatively easy to describe them using the Boolean alge- 
bra operations learned previously. 


NOR Gate The symbol for a two-input NOR gate is shown in Figure 3-19(a). 
It is the same as the OR gate symbol except that it has a small circle on the output. 
This small circle represents the inversion operation. Thus, the NOR gate operates 
like an OR gate followed by an INVERTER, so that the circuits in Figure 3-19(a) 
and (b) are equivalent, and the output expression for the NOR gate is x = A+ B. 
The truth table in Figure 3-19(c) shows that the NOR gate output is the exact 
inverse of the OR gate output for all possible input conditions. Whereas an OR 


Denotes 


inversion 
(a) LI 


Figure 3-19 (a) NOR symbol; (b) equiva- 
lent circuit; (c) truth table. 
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gate output goes HIGH when any input is HIGH, the NOR gate output goes LOW 
when any input is HIGH. This same operation can be extended to NOR gates with 
more than two inputs. 


EXAMPLE 3-8 


Determine the waveform at the output of a NOR gate for the input waveforms 
shown in Figure 3-20. 


Figure 3-20 Example 3-8. 


Solution 


There are several ways to determine the NOR output waveform. One way is to 
first find the OR output waveform and then invert it (change all 1s to Os, and vice 
versa). Another way utilizes the fact that a NOR gate output will be HIGH only 
when all inputs are LOW. Thus you can examine the input waveforms, find those 
time intervals where they are all LOW, and make the NOR output HIGH for those 
intervals. The NOR output will be LOW for all other time intervals. The resultant 
output waveform is shown in the figure. 


EXAMPLE 3-9 


Determine the Boolean expression for a three-input NOR gate followed by an IN- 
VERTER. 


solution 

Refer to Figure 3-21, where the circuit diagram is shown. The expression at the 

NOR output is (A + B+ C), which is then fed through an INVERTER to produce 
x=(A+ B+ C) 

The presence of the double inversion signs indicates that the quantity (A + B+ C) 


has been inverted and then inverted again. It should be clear that this simply re- 
sults in the expression (A + B+ C) being unchanged. That is, 


X=(A+B+Q=At1Bt+C 
Whenever two inversion bars are over the same variable or quantity, they cancel 


each other out, as in the example above. However, in cases such as A + B the 
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inversion bars do not cancel. This is because the smaller inversion bars invert the 
single variables A and B, respectively, while the wide bar inverts the quantity CA + 


B). Thus, A+ B # A+ B. Similarly, A B # AB. 


A A+B+C x=A+B+C=A4+B4+C 
B 
C 


Figure 3-21 Example 3-9. 


NAND Gate — The symbol for a two-input NAND gate is shown in Figure 
3-22(a). It is the same as the AND gate symbol except for the small circle on its 
output. Once again this small circle denotes the inversion operation. Thus the 
NAND operates like an AND gate followed by an INVERTER, so that the circuits of 
Figure 3-22(a) and (b) are equivalent, and the output expression for the NAND 
gate is x = AB. 

The truth table in Figure 3-22(c) shows that the NAND gate output is the 
exact inverse of the AND gate for all possible input conditions. The AND output 
goes HIGH only when all inputs are HIGH, while the NAND output goes LOW 
only when all inputs are HIGH. This same characteristic is true of NAND gates 
having more than two inputs. 


AND NAND 


as 


Denotes 


inversion 
(a) LI 


(b) 


Figure 3-22 (a) NAND symbol, (b) equivalent circuit; (c) truth table. 


EXAMPLE 3-10 


Determine the output waveform of a NAND gate having the inputs shown in Fig- 
Wire 3-25. 


solution 


The output can be determined in several ways. One way is to first draw the output 
for an AND gate, and then invert it. Another way utilizes the fact that a NAND out- 
put will be LOW only when all inputs are HIGH. Thus, you can find those time in- 
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Figure 3-23 Example 3-10. 


tervals during which the inputs are all HIGH, and make the NAND output LOW 
for those intervals. The output will be HIGH at all other times. 


EXAMPLE 36-11 


Implement the logic circuit that has the expression x = AB: (C+ D) using only 
NOR and NAND gates. 


Solution 

The (C+ D) term is the expression for the output of a NOR gate. This term is 
ANDed with A and Band the result is inverted; this, of course, is the NAND opera- 
tion. Thus, the circuit is implemented as shown in Figure 3-24. Note that the 


NAND gate first ANDs the A, B and (C’+ D) terms, and then inverts the complete 
result. 


x = AB(C + D) 


Figure 3-24 Examples 3-11 and 3-12. 


EXAMPLE 6-12 


Determine the output level in Figure 3-24 for A= B= C= 1 and D= 0. 


solution 


In the first method we use the expression for «x. 


x= AB(C + D) 
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In the second method we write down the input logic levels on the circuit diagram 
(shown in parentheses in Figure 3-24) and follow these levels through each gate to 
the final output. The NOR gate has inputs of 1 and 0 to produce an output of 0 
(an OR would have produced an output of 1). The NAND gate thus has input lev- 
els of 0, 1, and 1 to produce an output of 1 (an AND would have produced an 
output of 0). 


REVIEW QUESTIONS 


1. What is the only set of input conditions that will produce a HIGH output 
from a three-input NOR gate? 


2. Determine the output level in Figure 3-24 for A= B=1, C= D=0. 


3. Change the NOR gate of Figure 3-24 to a NAND gate, and change the 
NAND to a NOR. What is the new expression for x? 


3-10 BOOLEAN THEOREMS 


We have seen how Boolean algebra can be used to help analyze a logic circuit 
and express its operation mathematically. We will continue our study of Boolean 
algebra by investigating the various Boolean theorems (rules) that can help us to 
simplify logic expressions and logic circuits. The first group of theorems is given in 
Figure 3-25. In each theorem, x is a logic variable that can be either a 0 or a 1. 
Each theorem is accompanied by a logic-circuit diagram that demonstrates its va- 
lidity. 

Theorem (1) states that if any variable is ANDed with 0, the result has to be 
0. This is easy to remember because the AND operation is just like ordinary multi- 
plication, where we know that anything multiplied by 0 is 0. We also know that 
the output of an AND gate will be 0 whenever any input is 0, regardless of the 
level on the other input. 

Theorem (2) is also obvious by comparison with ordinary multiplication. 

Theorem (3) can be proved by trying each case. If x = 0, then 0-0 = 0; if 

= 1, then 1:-1=1. Thus, x- x=. 

Theorem (4) can be proved in the same manner. However, it can also be rea- 
soned that at any time either x or its inverse x has to be at the 0 level, and so their 
AND product always has to be 0. 

Theorem (5) is straightforward, since 0 added to anything does not affect its 
value, either in regular addition or in OR addition. 

Theorem (6) states that if any variable is ORed with 1, the result will always 
be 1. Checking this for both values of x: 0 +1=1 and 1+ 1=1. Equivalently, 
we can remember that an OR gate output will be 1 when any input is 1, regard- 
less of the value of the other input. 

Theorem (7) can be proved by checking for both values of x: 0 + 0 = 0 and 
1+1=1. 

Theorem (8) can be proved similarly, or we can just reason that at any time 
either x or xX has to be at the 1 level so that we are always ORing a 0 and a 1, 
which always results in 1. 
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(1) 


(7) 


x+0=x 


x 1= 1 


X+X=xX 


Figure 3-25 Single- 
variable theorems 


Before introducing any more theorems, it should be pointed out that in ap- 
plying theorems (1) through (8) the variable x may actually represent an expres- 


sion containing more than one variable. For example, if we have AB (AB), we can 


invoke theorem (4) by letting x= AB. Thus, we can say that AB (AB) = 0. The 
same idea can be applied to the use of any of these theorems. 


Multivariable Theorems _ The theorems presented below involve more 
than one variable: 
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(9) 
(10) 
(11) 
(12) 
(13a) 
(136) 
(14) 
(15) 


pa yk 

xX*y=y'Xx 

Xt+¢(yt DeaWe+yptz=xt+yt+ Zz 
xyz) = (xy)z= xyz 

x(y + 2) = xyt xz 

(wt Oy + 2) = wy t xy t+ we + XZ 
Bey oe 

x+xy=xty 


Theorems (9) and (10) are called the commutative laws. These laws indicate 
that the order in which we OR or AND two variables is unimportant; the result is 
the same. 

Theorems (11) and (12) are the associative laws, which state that we can 
group the variables in an AND expression or OR expression any way we want. 

Theorem (13) is the distributive law, which states that an expression can be 
expanded by multiplying term by term just the same as in ordinary algebra. This 
theorem also indicates that we can factor an expression. That is, if we have a sum 
of two (or more) terms, each of which contains a common variable, the common 
variable can be factored out just like in ordinary algebra. For example, if we have 


the expression ABC + A B C, we can factor out the B variable: 
ABC + ABC= B(AC+ AC) 
As another example, consider the expression ABC'+ ABD. Here the two terms 
have the variables A and B in common, and so A: B can be factored out of both 
terms. That is, 
ABC + ABD = AB(C'+ D) 

Theorems (9) to (13) are easy to remember and use since they are identical 
to those of ordinary algebra. Theorems (14) and (15), on the other hand, do not 
have any counterparts in ordinary algebra. Each can be proved by trying all possi- 
ble cases for x and y. This is illustrated for theorem (14) as follows: 


Case l. For x= 0, y= 0, 
at y= x 


Or OQ 
=) 
Case 2. For x= 0, y= 1, 
MP DY =X 
O+O0-1=0 
Oa) =) 
0O=0 
Case 3. Porx— 1, 7= 0, 
er Ly = x 
lr l-0O=1 
iro] 
=] 
Case 4. For x= 1, y= 1, 
oP 
I+t+1l-l=1 
1+1=1 
f= 


Theorem (14) can also be proved by factoring and using theorems (6) and 
(2) as follows: 
x+xy=xd+y 
=x-l [using theorem (6)] 
=x [using theorem (2)] 
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All of these Boolean theorems can be useful in simplifying a logic expres- 
sion—that is, in reducing the number of terms in the expression. When this is 
done, the reduced expression will produce a circuit that is less complex than the 
one which the original expression would have produced. A good portion of the 
next chapter will be devoted to the process of circuit simplification. For now, 
the following examples will serve to illustrate how the Boolean theorems can be 
applied. 


EXAMPLE 38-13 


Simplify the expression y= ABD + ABD. 


solution 
Factor out the common variables AB using theorem (13): 
y= AB(D + D) 
Using theorem (8), the term in parentheses is equivalent to 1. Thus, 
y= AB°1 
y= AB [using theorem (2)] 


EXAMPLE 3-14 
Simplify z= (A + BA + B). 


Solution 


The expression can be expanded by multiplying out the terms [theorem (13)I: 
z=A:A+A-B+B:-A+B-B 
Invoking theorem (4), the term A+: A= 0. Also, B- B= B [theorem (3)}: 
z=0+A-B+B-A+B=AB+AB+B 
Factoring out the variable B [theorem (13)], we have 
z= BIA+A+1) 
Finally, using theorems (2) and (6), 
ia 


EXAMPLE 3-10 
Simplify «= ACD + ABCD. 


solution 


Factoring out the common variables CD, we have 
x = CD(A + AB) 
Utilizing theorem (15), we can replace A + AB by A+ B, so 
x =  CD(A+ B) 
= ACD + BCD 
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REVIEW QUESTIONS 


1. Use theorems (13) and (14) to simplify y= AC + ABC. 
2. Use theorems (13) and (8) to simplify y= A BCD+ABCD. 


3-11 DEMORGAN’S THEOREMS 


Two of the most important theorems of Boolean algebra were contributed by a 
great mathematician named DeMorgan. DeMorgan’s theorems are extremely useful 
in simplifying expressions in which a product or sum of variables is inverted. The 
two theorems are: 
(16) (xt y=x-y 
(17) (x -y=xty 
Theorem (16) says that when the OR sum of two variables is inverted, this is 
the same as inverting each variable individually and then ANDing these inverted 
variables. Theorem (17) says that when the AND product of two variables is in- 
verted, this is the same as inverting each variable individually and then ORing 
them. Each of DeMorgan’s theorems can be readily proven by checking for all 
possible combinations of x and y. This will be left as an end-of-chapter exercise. 
Although these theorems have been stated in terms of single variables x and 
y, they are equally valid for situations where x and/or y are expressions that con- 
tain more than one variable. For example, let’s apply them to the expression 
(AB + C) as shown below: 


(AB + C) =(AB)-C© 
Note that here we treated AB as x and C'as y. The result can be further simplified 


since we have a product AB that is inverted. Using theorem (17), the expression 
becomes 


_ AB. G=(4+B)- 
Notice that we can replace B by B, so that we finally have 
(A+ B)-C=AC+t+BC 


This final result contains only inverter signs that invert a single variable. 


EXAMPLE 3-16 


Simplify the expression z= (A + C’)- (B+ D) to one having only single variables 
inverted. 


Solution 


Using theorem (17), we can rewrite this as 
z=(A+O+B6+D) 
We can think of this as breaking the large inverter sign down the middle and 
changing the AND sign (-) to an OR sign (+ ). Now the term (A + C) can be 
simplified by applying theorem (16). Likewise, (B + D) can be simplified: 
z=(A+C)+(B+D) 
=(A-C)+B-D 
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Here we have broken the larger inverter signs down the middle and replaced the 
(+ ) with a (- ). Canceling out the double inversions, we have finally 


z=AC+ BD 


Example 3-16 points out that when using DeMorgan’s theorems to reduce an 
expression, we may break an inverter sign at any point in the expression and 
change the operator at that point in the expression to its opposite (+ is changed 
to: , and vice versa). This procedure is continued until the expression is reduced 
to one in which only single variables are inverted. Two or more examples are 
given below. 


1 z=At+B-C 2. w= (A+ BC): (D+ EF) 
= Arp ic) =(A+ BC)+ (D+ EF) 
eer Gre as =(A-BC)+(D: EF) 
=A-(B+C) =([A-(B+C)l+(D-(E+ FP) 


=AB+AC+DE+DF 
DeMorgan’s theorems are easily extended to more than two variables. For 
example, it can be proved that 


and so on for more variables. Again, realize that any one of these variables can be 
an expression rather than a single variable. 


Implications of DeMorgan’s Theorems Let us examine these theo- 
rems (16) and (17) from the standpoint of logic circuits. First, consider theorem 
(16), 

xFy=x-y 
The left-hand side of the equation can be viewed as the output of a NOR gate 
whose inputs are x and y. The right-hand side of the equation, on the other hand, 


is the result of first inverting both x and y and then putting them through an AND 
gate. These two representations are equivalent and are illustrated in Figure 3-26(a). 


Figure 3-26 (a) Equivalent circuits implied by theorem (16); (b) alter- 
native symbol for the NOR function. 


x x ‘ 
“a X*Y=x+y 
y y 


<| 
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(b) 


Figure 3-27 (a) Equivalent circuits implied by theorem (17); (b) alter- 
native symbol for the NAND function. 


What this means is that an AND gate with INVERTERs on each of its inputs is 
equivalent to a NOR gate. In fact, both representations are used to represent the 
NOR function. When the AND gate with inverted inputs is used to represent the 
NOR function, it is usually drawn as shown in Figure 3-26(b), where the small cir- 
cles on the inputs represent the inversion operation. 
Now consider theorem (17), 
x y=xty 

The left side of the equation can be implemented by a NAND gate with inputs x 
and y. The right side can be implemented by first inverting inputs x and y and 
then putting them through an OR gate. These two equivalent representations are 
shown in Figure 3-27(a). The OR gate with INVERTERs on each of its inputs is 
equivalent to the NAND gate. In fact, both representations are used to represent 
the NAND function. When the OR gate with inverted inputs is used to represent 
the NAND function, it is usually drawn as shown in Figure 3-27(b), where the cir- 
cles again represent inversion. 


EXAMPLE 3-17 


Determine the output expression for the circuit of Figure 3-28 and simplify it using 
DeMorgan’s theorems. 


Jahn Be fake PPCok eb ae 


Oo 


©) | 


Figure 3-28 Example 3-17. 


Solution 


The expression for z is z= ABC. Use DeMorgan’s theorem to break the large in- 
version sign: 


II 


z=At+Bt+ 
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Cancel the double inversions over C to obtain 


z=At+BHt+C 


REVIEW QUESTIONS 


1. Use DeMorgan’s theorems to convert the expression z= (A+ B)-C to 
one that has only single-variable inversions. 


2. Repeat question 1 for the expression y = RST + Q. 


3. Implement a circuit having output expression z= A BC using only a NOR 
gate and an INVERTER. 


3-12 UNIVERSALITY OF NAND GATES AND NOR GATES 


All Boolean expressions consist of various combinations of the basic operations of 
OR, AND, and INVERT. Therefore, any expression can be implemented using com- 
binations of OR gates, AND gates, and INVERTERs. It is possible, however, to im- 
plement any logic expression using only NAND gates and no other type of gate. 
This is because NAND gates, in the proper combination, can be used to perform 
each of the Boolean operations OR, AND, and INVERT. This is demonstrated in 
Figure 3-29. 

First, in Figure 3-29(a) we have a two-input NAND gate whose inputs are 
purposely connected together so that the variable A is applied to both. In this con- 
figuration, the NAND simply acts as INVERTER, since its output is x= A+ A = A. 


Figure 3-29 NAND gates can be used to implement any Boolean function. 


(a) INVERTER 
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INVERTER 


Figure 3-30 NOR gates can be used to implement any Boolean operation. 


In Figure 3-29(b) we have two NAND gates connected so that the AND oper- 


ation is performed. NAND gate 2 is used as an INVERTER to change AB to AB = 
AB, which is the desired AND function. 

The OR operation can be implemented using NAND gates connected as 
shown in Figure 3-29(c). Here NAND gates 1 and 2 are used as INVERTERs to in- 


vert the inputs, so that the final output is x= A-B, which can be simplified to 
x= A+ Busing DeMorgan’s theorem. 

In a similar manner, it can be shown that NOR gates can be arranged to im- 
plement any of the Boolean operations. This is illustrated in Figure 3-30. Part (a) 
shows that a NOR gate with its inputs connected together behaves as an IN- 
VERTER, since the output is x= A +A =A. 

In Figure 3-30(b) two NOR gates are arranged so that the OR operation is 


performed. NOR gate 2 is used as an INVERTER to change A+Bto A+B = 
A+ B, which is the desired OR function. 

The AND operation can be implemented with NOR gates as shown in Figure 
3-30(c). Here NOR gates 1 and 2 are used as INVERTERS to invert the inputs, so 


that the final output is x = A + B, which can be simplified to x = A: B by use of 
DeMorgan’s theorem. 

Since any of the Boolean operations can be implemented using only NAND 
gates, any logic circuit can be constructed using only NAND gates. The same is 
true for NOR gates. This characteristic of NAND and NOR gates can be very useful 
in logic-circuit design, as the following example illustrates. 


EXAMPLE 3-18 


A logic-circuit designer has to implement a circuit that satisfies the expression 
x= AB+ CD using the minimum number of ICs. He has the TTL integrated cir- 
cuits shown in Figure 3-31 available for his use. Each of these ICs is a guad, which 
means that it contains four identical two-input gates on one chip. 
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7400 


7408 


7432 


Figure 3-31 [Cs available for Example 3-18. 


Solution 


The straightforward method for implementing the given expression uses two AND 
gates and an OR gate as shown in Figure 3-32(a). This implementation uses two 
gates from the 7408 IC and a single gate from the 7432 IC. The numbers in paren- 
theses at each input and output are the pin numbers of the respective IC. These 
are always shown on any logic-circuit wiring diagram. For our purposes, most 
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x= AB +CD 


After eliminating 
double inversions 


Figure 3-32 Possible implementations for Example 3-18. 


logic diagrams will not show pin numbers unless they are needed in the descrip- 
tion of circuit operation. 

Another implementation can be accomplished by taking the circuit of 
Figure 3-32(a) and replacing each AND gate and OR gate by its equivalent 
NAND gate implementation from Figure 3-29. The result is shown in Figure 
3-32(b). 

At first glance this new circuit looks as if it requires seven NAND gates. How- 
ever, NAND gates 3 and 5 are connected as INVERTERs in series and can be elimi- 
nated from the circuit since they perform a double inversion of the signal out of 
NAND gate 1. Similarly, NAND gates 4 and 6 can be eliminated. The final circuit, 
after eliminating the double INVERTERs, is drawn in Figure 3-32(c). 
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This final circuit is more efficient than the one in Figure 3-32(a) because it 
uses three two-input NAND gates that can be implemented from one IC, the 7400. 


REVIEW QUESTIONS 


1. How many different ways do we now have to implement the inversion 
operation in a logic circuit? 

2. Implement the expression x = (A + B)(C'+ D) using OR and AND gates. 
Then implement the expression using only NOR gates by converting each 
OR and AND gate to its NOR implementation from Figure 3-30. Which cir- 
cuit is more efficient? 


3. Write the output expression for the circuit of Figure 3-32(c) and use De- 
Morgan’s theorems to show that it is equivalent to the expression for the 
circuit of Figure 3-32(a). 


3-13 ALTERNATE LOGIC-GATE REPRESENTATIONS 


We have introduced the five basic logic gates (AND, OR, INVERTER, NAND, and 
NOR) and the standard symbols used to represent them on logic-circuit diagrams. 
Although you may find that many circuit diagrams still use these standard symbols 
exclusively, it has become increasingly more common to find circuit diagrams that 
utilize an alternate set of symbols in addition to the standard symbols. 

Before discussing the reasons for using an alternate symbol for a logic gate, 
we will present the alternate symbols for each gate and show that they are equiva- 
lent to the standard symbols. Refer to Figure 3-33; the left side of the illustration 
shows the standard symbol for each logic gate, and the right side shows the alter- 
nate symbol. The alternate symbol for each gate is obtained from the standard 
symbol by doing the following: 


1. Invert each input and output of the standard symbol. This is done by adding 
bubbles (small circles) on input and output lines that do not have bubbles, 
and by removing bubbles that are already there. 


2. Change the operation symbol from AND to OR, or from OR to AND. (in the 
special case of the INVERTER, the operation symbol is not changed.) 


For example, the standard NAND symbol is an AND symbol with a bubble 
on its output. Following the steps outlined above, remove the bubble from the 
output, and add a bubble to each input. Then change the AND symbol to an OR 
symbol. The result is an OR symbol with bubbles on its inputs. 

We can easily prove that this alternate symbol is equivalent to the standard 
symbol by using DeMorgan’s theorems and recalling that the bubble represents an 
inversion operation. The output expression from the standard NAND symbol is 
AB = A + B, which is the same as the output expression for the alternate symbol. 
This same procedure can be followed for each pair of symbols in Figure 3-33. 
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—- A+B=AB 
B as B 
A A+B A a 
ae AesB=A+B 
B — B 
A AB A a 
——— A+B2=AB 
B — B 
A AaB NOR| A _ 
_ AB=A+B 
B = B 
A INV = 


Figure 3-33 = Standard and alternate symbols for various logic gates and 
iWiverter. 


Several points should be stressed regarding the logic symbol equivalences: 


1. The equivalences are valid for gates with any number of inputs. 


2. None of the standard symbols have bubbles on their inputs, and all the alter- 
nate symbols do. 


3. The standard and alternate symbols for each gate represent the same physi- 


cal circuit; there is no difference in the circuits represented by the two sym- 
bols. 


4. NAND and NOR gates are inverting gates, and so both the standard and al- 
ternate symbols for each will have a bubble on either the input or the out- 
put. AND and OR gates are noninverting gates, and so the alternate symbols 
for each will have bubbles on both inputs and output. 


Logic-Symbol Interpretation — Each of the logic-gate symbols of Figure 
3-33 provides a unique interpretation of how the gate operates. Before we can 
demonstrate these interpretations, we must first establish the concept of active 
logic levels. 

When an input or output line on a logic circuit symbol has no bubble on it, 
that line is said to be active-HIGH. When an input or output line does have a bub- 
ble on it, that line is said to be active-LOW. The presence or absence of a bubble, 
then, determines the active-HIGH/active-LOW status of a circuit’s inputs and out- 
put, and is used to interpret the circuit operation. 
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A 
ne Output goes LOW only 


when a// inputs are HIGH. 


B 
PA LOW state is 
active-HIGH the active state. 
(a) 
A 


Output is HIGH when 
any input is LOW. 


HIGH state is the 


active state. 
active-LOW 


(b) 


Figure 3-34 Interpretation of the two NAND gate symbols. 


To illustrate, Figure 3-34(a) shows the standard symbol for a NAND gate. The 
standard symbol has a bubble on its output and no bubbles on its inputs. Thus, it 
has an active-LOW output and active-HIGH inputs. The logic operation repre- 
sented by this symbol can therefore be interpreted as follows: 


The output goes LOW only when all the inputs are HIGH. 


Note that this says that the output will go to its active state only when ai// the in- 
puts are in their active states. The word “all” is used because of the AND symbol. 

The alternate symbol for a NAND gate shown in Figure 3-34(b) has an active- 
HIGH output and active-LOW inputs, and so its operation can be stated as 


The output goes HIGH when any input is LOW. 


Again, this says that the output will be in its active state whenever any of the in- 
puts is in its active state. The word “any” is used because of the OR symbol. 

With a little thought, it can be seen that the two interpretations for the NAND 
symbols in Figure 3-34 are different ways of saying the same thing. 


Summary At this point you are probably wondering why there is a need to 
have two different symbols and interpretations for each logic gate. Hopefully, the 
reasons will become clear after reading the next section. For now, let us summa- 
rize the important points concerning the logic-gate representations. 


1. To obtain the alternate symbol for a logic gate, take the standard symbol and 
change its operation symbol (OR to AND, or AND to OR) and change the 
bubbles on both inputs and output G.e., delete bubbles that are present, and 
add bubbles where there are none). 


2. To interpret the logic-gate operation, first note which logic state, 0 or 1, is 
the active state for the inputs, and which is the active state for the output. 
Then, realize that the output’s active state is produced by having a// the in- 
puts in their active state Gf an AND symbol is used), or by having any of the 
inputs in its active state Gf an OR symbol is used). 
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KXAAMPLE 3-19 


Give the interpretation of the two OR gate symbols. 


solution 


The results are shown in Figure 3-35. Note how the word any is used when the 
Operation symbol is an OR symbol and the word ai// is used when it includes an 
AND symbol. 


. —= Output goes HIGH when 
B any input is HIGH. 

HIGH state is 
active-HIGH active state. 


(a) 


A AB=A+B Output goes LOW only 
when al// inputs are LOW. 


LOW state is 
active-LOW active state. 
(b) 


Figure 3-35 = Interpretation of the two OR gate symbols. 


REVIEW QUESTIONS 


1 Write tae interpretation of = operation performed a fe eegcers NOR” 
gate symbol in Figure 3- a3 ss. i= 


_ 2. Repeat question, 1 for the A es NOR gate sy ymbol. 


_3. Repeat question 1 for the alternate AND gate sy abo 
4, Repeat question 1 for the standard AND gate symbol. 


3-14 WHICH GATE REPRESENTATION TO USE 


Some logic-circuit designers and many textbooks use only the standard logic-gate 
symbols in their circuit schematics. While this practice is not incorrect, it does 
nothing to make the circuit operation easier to follow. Proper use of the alternate 
gate symbols in the circuit diagram can make the circuit operation much clearer. 
This can be illustrated by considering the example shown in Figure 3-36. 

The circuit in Figure 3-36(a) contains three NAND gates connected to pro- 
duce an output Z that depends on inputs A, B, C, D. The circuit diagram uses the 
standard symbol for each of the NAND gates. While this diagram is logically cor- 
rect, it does not facilitate any understanding of how the circuit functions. The 
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Figure 3-36 = (a) Original circuit using standard NAND symbols; 
(b) equivalent representation where output Z is active-HIGH; (c) equiv- 
alent representation where output Z is active-LOW; (d) truth table. 


improved circuit representations given in Figure 3-36(b) and (c), however, can be 
analyzed more easily to determine the circuit operation. 

The representation of Figure 3-36(b) is obtained from the original circuit dia- 
gram by replacing NAND gate 3 with its alternate symbol. In this diagram, output 
Z is taken from a NAND gate symbol that has an active-HIGH output. Thus, we 
can say that Z will go HIGH when either X or Yis LOW. Now, since X and Y each 
appear at the output of NAND symbols having active-LOW outputs, we can say 
that X will go LOW only if A= B=1, and Y will go LOW only if C= D=1. 
Putting this all together, we can describe the circuit operation as follows: 


Output Z will go HIGH whenever either A = B = 1 or 
C = D = 1 (or both). 


This description can be translated to truth-table form by setting Z= 1 for those 
cases where A = B= 1, and for those cases where C= D= 1. For all other cases, 
Z is made a 0. The resultant truth table is shown in Figure 3-36(d). 

The representation of Figure 3-36(c) is obtained from the original circuit 
diagram by replacing NAND gates 1 and 2 by their alternate symbols. In this 
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equivalent representation the Z output is taken from a NAND gate that has an 
active-LOW output. Thus, we can say that Z will go LOW only when X= Y= 1. 
Since X and Y are active-HIGH outputs, we can say that X will be HIGH when 
either A or Bis LOW, and Y will be HIGH when either C or D is LOW. Putting this 
all together, we can describe the circuit operation as follows: 


Output Z will go LOW only when A or B is LOW 
and C or D is LOW. 


This description can be translated to truth-table form by making Z = 0 for all cases 
where at least one of the A or B inputs is LOW at the same time that at least one 
of the C or D inputs is LOW. For all other cases, Z is made a 1. The resultant truth 
table is the same as that obtained for the circuit diagram of Figure 3-36(b). 


Which Circuit Diagram Should Be Used? The answer to this ques- 
tion depends on the particular function being performed by the circuit output. If 
the circuit is being used to cause some action (e.g., turn on a device, activate 
another logic circuit) when output 7 goes to the 1 state, then we say that Z is to be 
active-HIGH, and the circuit diagram of Figure 3-36(b) should be used. On the 
other hand, if the circuit is being used to cause some action when Z goes to the 0 
state, then Z is to be active-LOW and the diagram of Figure 3-36(c) should be used. 

Of course, there will be situations where both output states are used to pro- 
duce different actions and either one can be considered to be the active state. For 
these cases, either circuit representation can be used. 


Bubble Placement Refer to the circuit representation of Figure 3-36(b) 
and note that the symbols for NAND gates 1 and 2 were chosen to have active-LOW 
outputs to match the active-LOW inputs of NAND gate 3. Refer to the circuit repre- 
sentation of Figure 3-36(c) and note that the symbols for NAND gates 1 and 2 
were chosen to have active-HIGH outputs to match the active-HIGH inputs of 
NAND gate 3. This leads to the following general rule for preparing logic-circuit 
schematics: 


Whenever possible, choose gate symbols so that bubble outputs 
are connected to bubble inputs, and nonbubble outputs 
to nonbubble inputs. 


The following examples will show how this rule can be applied. 


EXAMPLE 3-20 


The logic circuit in Figure 3-37(a) is being used to activate an alarm when its out- 
put Z goes HIGH. Modify the circuit diagram so that it more effectively represents 
the circuit operation. 


solution 


Since Z= 1 will activate the alarm, Z is to be active-HIGH. Thus, the AND gate 2 
symbol does not have to be changed. The NOR gate symbol should be changed to 
the alternate symbol with a nonbubble (active-HIGH) output to match the non- 
bubble input of AND gate 2 as shown in Figure 3-37(b). Note that the circuit now 
has nonbubble outputs connected to the nonbubble inputs of gate 2. 
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Figure 3-37 Example 3-20. 


EXAMPLE 8-21 


When the output of the logic circuit in Figure 3-38(a) goes LOW, it activates an- 
other logic circuit. Modify the circuit diagram to more effectively represent the cir- 
cuit operation. 


(a) (b) 


Figure 3-38 Example 3-21. 


Solution 


Since Z is to be active-LOW, the symbol for OR gate 2 has to be changed to its al- 
ternate symbol as shown in Figure 3-38(b). The new OR gate 2 symbol has bubble 
inputs, and so the AND gate and OR gate 1 symbols have to be changed to bub- 
bled outputs as shown in Figure 3-38(b). The INVERTER already has a bubble out- 
put. Now the circuit has all bubble outputs connected to bubble inputs of gate 2. 
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Analyzing CircuitS = When a logic-circuit schematic is drawn using the rules 
we followed in these examples, it is much easier for an engineer or technician (or 
student) to follow the signal flow through the circuit and to determine the input 
conditions that are needed to activate the output. This will be illustrated in the fol- 
lowing examples—which, incidentally, use circuit diagrams taken from the logic 
schematics of an actual microcomputer. 


EXAMPLE 3-22 


The logic circuit in Figure 3-39 generates an output, MEM, that is used to activate 
the memory ICs in a particular microcomputer. Determine the input conditions 
necessary to activate MEM. 


RD 


ROM-A 


ROM-B 


RAM 


V 


Figure 3-39 Example 3-22. 


Solution 


One way to do this would be to write the expression for MEM in terms of the in- 
puts RD, ROM-A, ROM-B, and RAM, and to evaluate it for the 16 possible combina- 
tions of these inputs. While this method would work, it would require a lot more 


work than is necessary. | 
A more efficient method is to interpret the circuit diagram using the ideas we 
have been developing in the last two sections. These are the steps: 


1. MEM is active-LOW, and it will go LOW only when X and Yare HIGH. 
X will be HIGH only when RD = 0. 

Y will be HIGH when either Wor V is HIGH. 

V will be HIGH when RAM = 0. 

W will be HIGH when either ROM-A or ROM-B = 0. 


. Putting this all together, MEM will go LOW only when RD= 0 and at least 
one of the three inputs ROM-A, ROM-B, or RAM is LOW. 


a 


EXAMPLE 3-238 


The logic circuit in Figure 3-40 is used to control the drive spindle motor for a 
floppy disk drive when the microcomputer is sending data to or receiving data 
from the disk. The circuit will turn on the motor when DRIVE = 1. Determine the 
input conditions necessary to turn on the motor. 
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Note: All gates are CMOS 
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Figure 3-40 Example 3-23. 


Solution 
Once again we will interpret the diagram in a step-by-step fashion: 


1. DRIVE is active-HIGH, and it will go HIGH only when X¥ = Y= 0. 
. X will be LOW when either JN or OUT is HIGH. 

Y will be LOW only when W= 0 and Ao = 0. 

W will be LOW only when A; through A? are all HIGH. 


Putting this all together, DRIVE will be HIGH when A; = A2 = A3 = Aq = 
As = Ag = Az = 1 and Ao = O, and either JN or OUT or both are 1. 


oR WN 


Note the strange symbol for the 8-input CMOS NAND gate (74HC30); also note 
that the signal A7 is connected to two of the NAND inputs. 


Asserted Levels We have been describing logic signals as being active-LOW 
or active-HIGH. For example, the output MEM in Figure 3-39 is active-LOW, and 
the output DRIVE in Figure 3-40 is active-HIGH, since these are the output states 
that cause something to happen. Similarly, Figure 3-40 has active HIGH inputs A 
to Az, and active-LOW input Ao. 

When a logic signal is in its active state, it can be said to be asserted. For 
example, when we say that input Ao is asserted, we are saying that it is in its ac- 
tive-LOW state. When a logic signal is not in its active state, it is said to be 
unasserted. Thus, when we say that DRIVE is unasserted, we mean that it is in its 
inactive state (LOW). 

Clearly, the terms “asserted” and “unasserted” are synonymous with “active” 
and “inactive,” respectively: 


asserted = active 
unasserted = inactive 


Both sets of terms are in common use in the digital field, so you should recognize 
both ways of describing a logic signal’s active state. 
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Labeling Active-LOW Logic Signals It has become common practice 
to use an overbar to label active-LOW signals. The overbar serves as another indi- 
cation that the signal is active-LOW; of course, the absence of an overbar means 
that the signal is active-HIGH. 

To illustrate, all of the signals in Figure 3-39 are active-LOW, and so they can 
be labeled as follows: 


RD, ROM-A, ROM-B, RAM, MEM 


Remember, the overbar is simply a way to emphasize that these are active-LOW 
signals. We will employ this convention for labeling logic signals whenever appro- 
priate. 


Labeling Bistate SignalS Very often, an output signal will have two ac- 
tive states; that is, it will have one important function in the HIGH state and an- 
other in the LOW state. It is customary to label such signals so that both active 
states are apparent. A common example is the read/write signal RD/WR, which is 
interpreted as follows: when this signal is HIGH, the read operation (RD) is per- 
formed; when it is LOW, the write operation (WR) is performed. 


REVIEW QUESTIONS 


1. Use the method of Examples 3-22 and 3-23 to determine the input condi- 
tions needed to activate the output of the circuit in Figure 3-37(b). 


2. Repeat question 1 for the circuit of Figure 3-38(b). 
3. How many NAND gates are in Figure 3-39? 

4. How many NOR gates are in Figure 3-40? 
5 


- What will be the eae level in cars > ee when all the inputs are . 
serted? | . | 


ON 


. What inputs are Pauned to assert the alarm Shiput ¢ in ane 3- 370by 
. Which of the following signals is active- LOW: RD, W, RW? 


Ni 


3-15  IEKE/ANSI STANDARD LOGIC SYMBOLS 


The logic symbols that we have used throughout this chapter are well-known stan- 
dard symbols that have been widely used in the digital industry for many years. 
These symbols work well for the basic logic gates because each gate symbol has a 
distinctive shape, and each gate input has the same function. They do not provide 
enough useful information, however, for the more complex logic devices such as 
flip-flops, counters, decoders, multiplexers, memories, and microprocessor inter- 
face ICs. These complex ICs often have several inputs and outputs with different 
functions and modes of operation. 

In order to provide more useful information about these complex logic de- 
vices, a new set of standard symbols was introduced in 1984 under IEEE/ANSI 
Standard 91-1984. These newer symbols are gradually being accepted by more and 
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more electronics companies and IC manufacturers, and have begun to appear in 
their published literature. In addition, military contracts in the United States now 
require the use of these new symbols. It is therefore important to become familiar 
with the new standard symbols since eventually they will replace the traditional 
ones completely, although this may still be a few years away. 

The principal difference in the new standard is that it uses rectangular sym- 
bols for all devices instead of different symbol shapes for each device. A special 
dependency notation system is used to indicate how the outputs depend on the in- 
puts. Figure 3-41 shows the newer rectangular symbols alongside the traditional 
symbols for the basic gates. Study them carefully and note the following points: 


1. The newer symbols use a small right triangle in place of the small bubble of 
the traditional symbols. Like the bubble, this triangle indicates an inversion 
of the logic level. The presence or absence of the triangle also signifies 
Whether an input or output is active-LOW or active-HIGH. 


2. A special notation inside each rectangular symbol describes the logic relation 
between inputs and output. The “1” inside the INVERTER symbol denotes a 
device with only one input; the triangle on the output indicates that the out- 
put will go to its active-LOW state when that one input is in its active-HIGH 
state. The “&” inside the AND symbol means that the output will go to its ac- 
tive-HIGH state when all the inputs are in their active-HIGH state. The “ = ” 
inside the OR gate means that the output will go to its active state (HIGH) 
whenever one or more inputs are in their active state (HIGH). 


Figure 3-41 Standard logic symbols: (a) traditional. 
(b) rectangular. 


NOT 
A —>o— x A 1 ex 
AND 
A A 
x x 
B B 
OR 
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x eal es x 
B B 
(a) (b) 
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3. The rectangular symbols for the NAND and NOR are the same as those for 
the AND and OR, respectively, with the addition of the small inversion trian- 
gle on the output. 


IKEE/ANSI Symbols for Logic-Gate ICs The rectangular symbols can 
also be used to represent the complete logic of an IC package that contains a 
number of independent gates. This is illustrated in Figure 3-42 for the 7404 TTL 
hex* INVERTER IC, and in Figure 3-43 for the 7420 dual four-input NAND IC. Each 


Figure 3-42 7404 hex INVERTER IC: (a) traditional logic symbol; 
(b) rectangular logic symbol. The notation “1” appears only in 
the top rectangle, but applies to all blocks below. 


Figure 3-43 7420 dual four-input NAND IC: (a) traditional sym- 
bol, (b) rectangular symbol. 


NK 6 


oORN— 
ORNS 


7420 7420 


*Indicates six INVERTERS. 
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logic gate is represented as a separate rectangular block. Note how the rectangular 
symbols indicate the logic operation notation only in the top block; it is under- 
stood to apply to all the other blocks representing the other gates on the chip. 

It is important to understand the difference between the two alternate ways 
to represent a logic gate in a circuit, and the two different standards for logic-gate 
symbols. You choose which set of standard logic symbols to use—either the tradi- 
tional symbols (distinctive shapes for each type of gate) or the new standard rec- 
tangular symbols. Regardless of which symbols you choose to use, there are two 
possible ways to represent a gate in a circuit diagram depending on its active out- 
put state. This is illustrated in Example 3-24. 


EXAMPLE 3-24 


Figure 3-44(a) shows the two representations for a NOR gate using the traditional 
logic symbols. Remember, the choice of which representation to use in a circuit di- 
agram is determined by the desired active state of the output. Redraw the two rep- 
resentations using the new IEEE/ANSI symbols. 


Active-LOW Active-HIGH 
output output 


(b) > OU 

> 
Figure 3-44 Both representations of a NOR gate using 
the two types of symbols: (a) traditional; (b) rectangular. 


Solution 
Figure 3-44(b) shows the results. 


IEKEE/ANSI Symbols for Complex ICs There would be no real advan- 
tage to the new symbols if all we had to deal with were the basic logic gates. For 
the more complex logic devices, however, the new standard symbols with their 
dependency notation will specify the complete logic operation of the device. This 
makes it virtually unnecessary to refer to the manufacturer’s data manual to find 
out how a particular logic IC is functioning in a circuit. We will see examples of 
this when we encounter the more complex logic circuits in subsequent chapters. 
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The traditional logic symbols are employed in most of the circuit diagrams 
throughout this book, and the IEEE/ANSI symbols will be used only occasionally. 
Some of the end-of-chapter problems require analysis or construction of circuits 
utilizing the newer notation. Additionally, whenever a new type of logic device or 
circuit is introduced, both types of symbols are presented. In this way, you will be- 
come familiar with the dependency notation that is the main benefit of the new 
standard. 


REVIEW QUESTIONS 


1. What is the major advantage of the new IEEE/ANSI symbols? 


2. Draw all of the basic logic gates” using both the traditional symbols : and 
the IEEE standard symbols, | 


3. Repeat question 2 for the alternate representation of aa gate 


PROBLEMS 


SECTION 3-3 


3-1. Draw the output waveform for the circuit of Figure 3-45. 


Figure 3-45 


3-2. Suppose the A input in Figure 3-45 is unintentionally shorted to ground 
(i.e., A = 0). Draw the resulting output waveform. 

3-3. Suppose that the A input in Figure 3-45 is unintentionally shorted to the 
+5 V supply line G.e., A = 1). Draw the resulting output waveform. 

3-4. Read the statements below concerning an OR gate. At first they may ap- 
pear to be valid, but after some thought you should realize that neither 
one is always true. Prove this by showing a specific example to refute 
each statement. 

(a) If the output waveform from an OR gate is the same as the waveform 
at one of its inputs, the other input is being held permanently LOW. 
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(b) If the output waveform from an OR gate is always HIGH, one of its 
inputs is being held permanently HIGH. 
3-5. How many different sets of input conditions will produce a HIGH output 
from a five-input OR gate? 


SECTION 3-4 


3-6. Change the OR gate in Figure 3-45 to an AND gate. 
(a) Draw the output waveform. 
(b) Draw the output waveform if the A input is permanently shorted to 
ground. 
(c) Draw the output waveform if A is permanently shorted to +5 V. 

3-7. Refer to Figure 3-4. Modify the circuit so that the alarm is to be activated 
only when the pressure and temperature exceed their maximum limits at 
the same time. 

3-8. Change the OR gate in Figure 3-6 to an AND gate and draw the output 
waveform. 


SECTIONS 3-5 TO 3-7 


3-9. Add an INVERTER to the output of the OR gate from Figure 3-45. Draw 
the waveform at the INVERTER output. 


3-10. (a) Write the Boolean expression for the output x in Figure 3-46(a). De- 
termine the value of x for all possible input conditions and list the values 
in a truth table. 


Figure 3-46 


A 


B 
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3-11. 


3-12. 


3-13. 


(b) Repeat for the circuit in Figure 3-46(b). 

Determine the complete truth table for the circuit of Figure 3-15(b) by 
finding the logic levels present at each gate output for each of the 32 pos- 
sible input combinations. 

Change each OR to an AND, and each AND to an OR in Figure 3-150). 
Then write the expression for the output. 

Determine the complete truth table for the circuit of Figure 3-16 by finding 
the logic levels present at each gate output for each of the 16 possible 
combinations of input levels. 


SECTION 3-8 


3-14. 


For each of the following expressions, construct the corresponding logic 
circuit, using AND and OR gates and INVERTERs. 

(a) x= AB(C'+ D) 

(b) z=(A+ B+ CDE) + BCD 

(c) y=(M+N+4+ PQ) 

(d) x= W+ PO 

(e) z= MN(P+N) 


SECTION 3-9 


3-15. 


3-106. 


3-17. 
3-18. 
3-19. 


3-20. 


Apply the input waveforms of Figure 3-47 to a NOR gate and draw the 
output waveform. 


Figure 3-47 


Repeat Problem 3-15 with the C input held permanently LOW. Then re- 
peat for C held permanently HIGH. 


Repeat Problem 3-15 for a NAND gate. 
Repeat Problem 3-16 for a NAND gate. 


Write the output expression for the circuit of Figure 3-48. Then determine 
the complete truth table. 


Determine the truth table for the circuit of Figure 3-24. 


Figure 3-48 
A 


B 
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3-21. 


Modify the circuits that were constructed in Problem 3-14 so that NAND 
gates and NOR gates are used wherever appropriate. 


SECTION 3-10 


3-22. 


3-23. 


3-24. 


DRILL QUESTION 
Complete each expression. 


(a) A+1= (ff) D-1= 

(b) A: A= (g) D+0= 
(c) B- B= (h) C+ C= 
(d) C+C= (Gi) Gt+GF= 
(e) x°0= G) yrtwy= 


(a) Prove theorem (15) by trying all possible cases. 
(b) Prove it by using theorem (14) to substitute for «x. 


(a) Simplify the following expression using theorems (13b), (3), and (4): 
x=(M+ N\M + PN + P) 
(b) Simplify the following expression using theorems (13a), (8), and (6): 
z= ABC + ABC + BCD 


SECTIONS 3-11 AND 3-12 


3-25. 
3-206. 


3-27. 


3-28. 


3-29. 


3-30. 


3-31. 


3-32. 


Prove DeMorgan’s theorems by trying all possible cases. 

Simplify each of the following expressions using DeMorgan’s theorems 
(a) ABC (d) AB+ C)D 

(b) A+ BC (e) (M+ N\M +N) 

(c) ABCD (f) ABCD 


Use DeMorgan’s theorems to simplify the expression for the output of Fig- 
ure 3-48. 


Convert the circuit of Figure 3-46(b) to one using only NAND gates. Then 
write the output expression for the new circuit, simplify it using DeMor- 
gan’s theorems, and compare it with the expression for the original circuit. 


Convert the circuit of Figure 3-46(a) to one using only NOR gates. Then 
write the expression for the new circuit, simplify it using DeMorgan’s the- 
orems, and compare it with the expression for the original circuit. 
Show how a two-input NAND gate can be constructed from two-input 
NOR gates. 
Show how a two-input NOR gate can be constructed from two-input 
NAND gates. 
A jet aircraft employs a system for monitoring the rpm, pressure, and tem- 
perature values of its engines using sensors that operate as follows: 
RPM sensor output = 0 only when speed < 4800 rpm 

P sensor output = 0 only when pressure < 220 psi 

T sensor output = 0 only when temperature < 200°F 
Figure 3-49 shows the logic circuit that controls a cockpit warning light for 
certain combinations of engine conditions. Assume that a HIGH at output 
W activates the warning light. 
(a) Determine what engine conditions will give a warning to the pilot. 
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Temp 
sensor 
Pressure 
sensor 
RPM 
sensor 


Figure 3-49 


Warning 
light 


(b) Change this circuit to one using all NAND gates. 


SECTIONS 3-13 AND 3-14 


3-33. Draw the standard representations for each of the basic logic gates. Then 
draw the alternate representations. 


3-34. 


For each statement below, draw the appropriate logic-gate representation 


and indicate the type of gate. 

(a) A HIGH output occurs only when all three inputs are LOW. 
(b) A LOW output occurs when any of the four inputs is LOW. 
(c) A LOW output occurs only when all eight inputs are HIGH. 


3-35. The output of the circuit of Figure 3-48 is supposed to turn on an indica- 


3-36. 


3-37. 


tor 


(a) 
(b) 


(a) 


(b) 


lamp when it goes LOW. 

Modify the circuit diagram so that it more effectively represents the 
circuit Operation. 

Use the new circuit diagram to determine the input conditions that 
will activate the output. Do this by working back from the output 
using the information given by the gate symbols as was done in 
Examples 3-22 and 3-23. Compare the results with the truth table 
obtained in Problem 3-19. 


Determine the input conditions needed to activate output Z in Figure 
3-37(b). Do this by working back from the output as was done in Ex- 
amples 3-22 and 3-23. 

Assume that it is the LOW state of Z that is to activate the alarm. 
Change the circuit diagram to reflect this, and then use the revised 
diagram to determine the input conditions needed to activate the 
alarm. 


Modify the circuit of Figure 3-40 so that A; =0 is needed to produce 
DRIVE = 1 instead of A; = 1. 


| Figure 3-50 
A 6 
B . x 
©) 
__& 
C ©) 
D 
E > 
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3-38. Determine the input conditions needed to cause the output in Figure 3-50 
to go to its active state. 

3-39. Use the results of Problem 3-38 to obtain the complete truth table for the 
circuit of Figure 3-50. 

3-40. What is the asserted state for the output of Figure 3-50? For the output of 
Figure 3-36(c)? 

3-41. Figure 3-51 shows an application of logic gates that simulates a two-way 
switch like the ones used in our homes to turn a light on or off from two 
different switches. Here the light is an LED which will be ON (conducting) 
when the NOR gate output is LOW. Note that this output is labeled 
LIGHT to indicate that it is active-LOW. Determine the input conditions 
needed to turn on the LED. Then verify that the circuit operates as a two- 
way switch using switches A and B. In Chapter 4 you will learn how to 
design circuits like this one to produce a given relationship between in- 
puts and outputs. 


+5V 


Figure 3-51 


SECTION 3-15 


3-42. Redraw the circuits of (a) Figure 3-50 and (b) Figure 3-51 using the 
IEEE/ANSI symbols. 
3-43. Determine the Boolean expression for the output Z in Figure 3-52. 


“, *3-44, The output of the circuit of Figure 3-52 is supposed to be active-LOW. Re- 

. draw it to more effectively represent the circuit operation. 

“i, 3-45. Use the redrawn version of the circuit of Figure 3-52 and do each of the 

: following. 

(a) Determine the various input conditions that will produce the active- 
LOW output state. Do this using only the circuit diagram without 


*The light bulb to the left indicates a more challenging problem throughout the book. 
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Figure 3-52 


writing the expression for Z and without generating the complete 
truth table. The results should be 


A B & D E F 
1 1 1 1 1 1 
1 1 d 1 0 1 
1 1 1 O 1 1 
(b) Verify that the simplified expression for output Z is given by 
Z = ABCF(D + E) 
(c) Plug each of the sets of conditions from (a) into the expression you 
determined in (b), and verify that each one produces Z = 0. 


MICROCOMPUTER APPLICATION 


Wy 3-46. Refer to Figure 3-40 in Example 3-23. The inputs A7 through Ao are ad- 
. dress inputs that are supplied to this circuit from outputs of the micro- 
processor chip in a microcomputer. The 8-bit address code A7 to Ao se- 
lects which device the microprocessor wants to activate. In Example 3-23, 
the required address code to activate the disk drive was A7 through Ao = 
111111102 = FEi6. 
Modify the circuit so that the microprocessor has to supply an ad- 
dress code of 4Ai6 to activate the disk drive. 


CHALLENGING EXERCISES 


\ as 
@: 3-47. Show how x= ABC can be implemented with one two-input NOR and 
Os one two-input NAND gate. 


‘e 3-48. Implement y = ABCD using two-input NAND gates. 
\ 
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ANSWERS TO SECTION REVIEW QUESTIONS 


SECTION 3-2 
1 x=1 2. x=0 
SECTION 3-3 


1. All inputs LOW 
2,X=A+t+B4+C+ D+Et+F 
4. Constant HIGH 


SECTION 3-4 


1. All five inputs = 1 


2. A LOW input will keep output LOW. 


3. False. See truth table of each gate. 
SECTION 3-5 


1. Output of second INVERTER will be 
same as input A. 
2. y will be LOW only for A = B= 1. 


SECTION 3-6 

1. x=A+B+C+AD 
SECTION 3-7 

lx=1 2x=1 
SECTION 3-8 


1. See Figure 3-15(a). 
2. see Figure 3-17(b). 


SECTION 3-9 


1. All inputs LOW 20 X 
3, x= A+B+CD 


| 
= 
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SECTION 3-10 
1. y=AC 2. y=ABD 
SECTION 3-11 


1 z=AB+C 2 y=(R+S+T)O 
3. Same as Figure 3-28 except NAND is 
replaced by NOR. 


SECTION 3-12 


i. Three 2. NOR circuit is more 
efficient because it can be implemented 
with one 7402 IC. 


SECTION 3-13 


1. Output goes LOW when any input is 
HIGH, 2. Output goes HIGH only 
when all inputs are LOW. 3. Output 
goes LOW when any input is LOW. 

4. Output goes HIGH only when all 
inputs are HIGH. 


SECTION 3-14 


1. Z will go HIGH when A= B=0 and 
C= D=1. 2. Z will go LOW when 
A= B=0, E= 1, and either Cor D or both 
are 0. 3. Two 4. Two 5. LOW 
6,.4= B=0. CH] pHi 7.0 


SECTION 3-15 


1. The IEEE symbols with their 
dependency notation specify the complete 
operation of the logic device. 

2. See Figure 3-41. 3. See Figure 3-44. 
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OUTLINE 


OBJECTIV! 


Upon completion of this chapter, you will be able to: 


= Convert a logic expression into a sum-of-products expression. 


m Perform the necessary steps to derive a sum-of-products expression in 
order to design a combinational logic circuit in its simplest form. 


m Use the Karnaugh map as a tool to simplify and design logic circuits. 

m Explain the operation of both exclusive-OR and exclusive-NOR circuits. 
m Design logic circuits with and without the help of a truth table. 

m Identify and understand inhibit circuits. 

m Cite the basic characteristics of digital ICs. 

w Understand the inherent operative differences between TTL and CMOS. 
m Use the basic troubleshooting rules of digital systems. 


m Deduce from measured results the faults of malfunctioning combinational 
logic circuits. 


m Describe the fundamental idea of programmable logic. 
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In Chapter 3 we studied the operation of all the basic logic gates, and we used 
Boolean algebra to describe and analyze circuits that were made up of combina- 
tions of logic gates. These circuits can be classified as combinational logic circuits 
because, at any time, the logic level at the output depends on the combination of 
logic levels present at the inputs. A combinational circuit has no memory charac- 
teristic, So its output depends only on the current value of its inputs. 

In this chapter we will continue our study of combinational circuits. To start, 
we will go further into the simplification of logic circuits. Two methods will be 
used: one will use Boolean algebra theorems, the other a mapping technique. In 
addition, we will study simple techniques for designing logic circuits to satisfy a 
given set of requirements. A complete study of logic-circuit design is not one of 
our objectives, but the methods we introduce are more than sufficient for the 
types of design situations that a technician will encounter. 


The last portion of the chapter is devoted to the troubleshooting of combina- 
tional circuits. This first exposure to troubleshooting should begin to develop the 
type of analytical skills needed for sucessful troubleshooting. To make this material 
as practical as possible, we will first present some of the basic characteristics of 
logic-gate ICs in the TTL and CMOS logic families along with a description of the 
most common types of faults encountered in digital IC circuits. 


4-| SUM-OF-PRODUCTS FORM 


The methods of logic-circuit simplification and design that we will study require 
the logic expression to be in a sum-of-products form. Some examples of this form 
are 


1. ABC + ABC 
2. AB+ ABC +CD+D 
32, AB+ CD + EF+ GK+ HL 


Each of these sum-of-products expressions consists of two or more AND 
terms (products) that are ORed together. Each AND term consists of one or more 
variables appearing in either complemented or uncomplemented form. For exam- 
ple, in the sum-of-products expression ABC + ABC, the first AND product con- 
tains the variables A, B, and C’ in their uncomplemented (not inverted) form. The 
second AND term contains A and C in their complemented (inverted) form. Note 
that in a sum-of-products expression, one inversion sign cannot cover more than 
one variable in a term (e.g., we cannot have ABC or RST). 


Product-of-Sums There is another general form for logic expressions that 
is sometimes used in logic-circuit design. It is called the product-of-sums form, and 
it consists of two or more OR terms (sums) that are ANDed together. Each OR 
term contains one or more variables in complemented or uncomplemented form. 
Here are some product-of-sums expressions: 


1.(A+Bt+C\A+C) 
2. (A+ BYC+ DF 
3. (A+ C\(B+ D(B+C\At+ D+ E) 


The methods of circuit simplification and design which we will be using are based 
on the sum-of-products form, so we will not be doing much with the products-of- 
sum form. It will, however, occur from time to time in some logic circuits which 
have a particular structure. 


REVIEW QUESTIONS 


1. Which of the following expressions is a sum-of-products form: 
(a) AaB CD +i (0) ABCC+ D); (Ce) A+ BC+ Dt FP); 
(d) MN + PQ? 


2. Repeat question 1 for product-of-sums form. 
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4-2 SIMPLIFYING LOGIC CIRCUITS 


Once the expression for a logic circuit has been obtained, we may be able to re- 
duce it to a simpler form containing fewer terms or fewer variables in one or more 
terms. The new expression can then be used to implement a circuit that is equiva- 
lent to the original circuit but that contains fewer gates and connections. 

To illustrate, the circuit of Figure 4-1(a) can be simplified to produce the cir- 
cuit of Figure 4-1(b). Since both circuits perform the same logic, it should be obvi- 
ous that the simpler circuit is more desirable because it contains fewer gates and 
will therefore be smaller and cheaper than the original. Furthermore, the circuit re- 
liability will improve because there are fewer interconnections that can be poten- 
tial circuit faults. 

In subsequent sections we will study two methods for simplifying logic cir- 
cuits. One method will utilize the Boolean algebra theorems and, as we shall see, 
is greatly dependent on inspiration and experience. The other method (Karnaugh 
mapping) is a systematic, cookbook approach. Some instructors may wish to skip 
over this latter method because it is somewhat mechanical and probably does not 
contribute to a better understanding of Boolean algebra. This can be done without 
affecting the continuity or clarity of the rest of the text. 


x = AB(A + BC) 


C 


(b) 


Figure 4-1 It is often possible to simplify a logic circuit such as that in 
part (a) to produce a more efficient implementation (b). 


4-3 ALGEBRAIC SIMPLIFICATION 


The Boolean algebra theorems that we studied in Chapter 3 can be used to help 
us simplify the expression for a logic circuit. Unfortunately, it is not always obvi- 
ous which theorems should be applied in order to produce the simplest result. 
Furthermore, there is no easy way to tell whether the simplified expression is in its 
simplest form or whether it could have been simplified further. Thus, algebraic 
simplification often becomes a process of trial and error. With experience, how- 
ever, one can become adept at obtaining reasonably good results. 

The examples that follow will illustrate many of the ways in which the 
Boolean theorems can be applied in trying to simplify an expression. You should 
notice that these examples contain two essential steps: 
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1. The original expression is put into the sum-of-products form by repeated ap- 
plication of DeMorgan’s theorems and multiplication of terms. 


2. Once it is in this form, the product terms are checked for common factors, 
and factoring is performed wherever possible. Hopefully, the factoring results 
in the elimination of one or more terms. 


EXAMPLE 4-1 


Simplify the logic circuit shown in Figure 4-2(a). 


= ABC + 
AB(AC) 


@ z= A(B + C) 


Figure 4-2. Example 4-1. 


solution 


The first step is to determine the expression for the output. The result is 
z= ABC+ AB: (AC) 
Once the expression is determined, it is usually a good idea to break down all 
large inverter signs using DeMorgan’s theorems and then multiply out all terms. 
z= ABC + AB(A + ©) [theorem (17)] 

= ABC + AB(A+ C) [cancel double inversions] 

= ABC + ABA+ ABC [multiply out] 

= ABC + AB + ABC [A: A= Al] 

With the expression now in sum-of-products form, we should look for com- 
mon variables among the various terms with the intention of factoring. The first 
and third terms above have AC’ in common, which can be factored out: 

z= AC(B+ B)+ AB 
Since B+ B = 1, then 
z= AC(1) + AB 
= AC+ AB 
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We can now factor out A, which results in 

z= A(C+ B) 
This result can be simplified no further. Its circuit implementation is shown in Fig- 
ure 4-2(b). It is obvious that the circuit in (b) is a great deal simpler than the origi- 
nal circuit in (a). 


KXAMPLE 4-2 
Simplify the expression z= ABC + ABC + ABC. 


solution 


We will look at two different ways to arrive at the same result. 
Method 1: The first two terms in the expression have the product AB in com- 
mon. Thus, 


z= AB(C+ C) + ABC 
= AB) + ABC 
= AB+ ABC 
We can factor the variable A from both terms: 
z= A(B+ BC) 
Invoking theorem (15), 
z= A B+ C) 
Method 2: The original expression is z= ABC + ABC + ABC. The first two 
terms have AB in common. The first and last terms have AC’ in common. How do 
we know whether to factor AB from the first two terms or AC from the two end 


terms? Actually, we can do both by using the ABC term twice. In other words, we 
can rewrite the expression as 


z= ABC+ ABC + ABC + ABC 


where we have added an extra term ABC. This is valid and will not change the 
value of the expression, since ABC + ABC = ABC [theorem (7)]. Now we can fac- 
tor AB from the first two terms and AC from the last two terms: 


z= AB(C+ C)+ AC(B + B) 
= AB-1+AC:l 
= AB+ AC= A(B+ C) 
This is, of course, the same result as method 1. This trick of using the same term 


twice can always be used. In fact, the same term can be used more than twice if 
necessary. 


EXAMPLE 4-383 
Simplify z= AC(ABD) + ABCD + ABC. 


Solution 
First, use DeMorgan’s theorem on the first term: 
z= AC(A+ B+ D)+ ABCD + ABC (step 1) 
Multiplying out, 
z= ACA + ACB + ACD + ABCD + ABC (2) 
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Since A.A = 0, the first term is eliminated: 

z= ABC+ ACD + ABCD + ABC (3) 
This is the desired sum-of-products form. Now we have to look for common fac- 
tors among the various product terms. The idea is to check for the largest common 
factor between any two or more product terms. For example, the first and last 
terms have the common factor BC, and the second and third terms share the com- 
mon factor AD. We can factor these out as follows: 


z= BC(A+ A) + AD(C+ BC) (4) 
Now, since A + A= 1, and C+ BC = C+ B [theorem (15)], we have 
z= BC+ AD(B+O0 (5) 


This same result could have been reached with other choices for the factoring. For 
example, we could have factored C from the first, second, and fourth product 
terms in step 3 to obtain 


z= C(AB+ AD + AB) + ABCD 
The expression inside the parentheses can be factored further: 
z= C(BIA + A] + AD) + ABCD 
Since A + A= 1, this becomes 
z= C(B + AD) + ABCD 
Multiplying out yields 
z= BC+ ACD + ABCD 
Now we can factor AD from the second and third terms to get 
z= BC+ AD(C + BC) 
Using theorem (15) the expression in parentheses becomes B+ C. Thus we finally 
have 
z= BC+ AD(B+C) 
This is the same result as we obtained earlier, but it took us many more steps. This 


illustrates why you should look for the largest common factors: it will generally 
lead to the final expression in the fewest steps. 


EXAMPLE 4-4 


Simplify the expression x = (A + B\(A+ B+ D)D. 


solution 


The expression can be put into sum-of-products form by multiplying out all the 
terms. The result is 


x= AAD + ABD + ADD + BAD + BBD + BDD 
The first term can be eliminated, since AA = 0. Likewise, the third and sixth terms 
can be eliminated, since DD = 0. The fifth term can be simplified to BD, since 
BB = B. This gives us 
x= ABD + ABD + BD 
We can factor BD from each term to obtain 
x= BD(A+A+t+1 
Clearly, the term inside the parentheses is always 1, so we finally have 
x= BD 


SECTION 4-3 / ALGEBRAIC SIMPLIFICATION 


105 


106 


EXAMPLE 4-5) 


Simplify the circuit of Figure 4-3(a). 


N 
N 


(a) (b) 


Figure 4-3. Example 4-5. 


solution 


The expression for output Z is 
z=(A+ B(A+ B) 
Multiplying out to get the sum-of-products form, we obtain 
z= AA+AB+ BA+ BB 
We can eliminate AA = 0 and BB = 0 to end up with 
z= AB+ AB 
This expression is implemented in Figure 4-3(b), and if we compare it with the 
original circuit, we see that both circuits contain the same number of gates and 


connections. In this case the simplification process produced an equivalent, but 
not simpler, circuit. 


EXAMPLE 4-6 
Simplify x = ABC + ABD + CD. 


Solution 


You can try, but you will not be able to simplify this expression any further. 


REVIEW QUESTIONS 


_ 1 State Shieh of a following expressions are not in the sum-of-products 
forme — 
| RST + RST + T ©) ADC + ADC © MNP + (M+ NP 
@aA B+ ABC + ABCD. 
. b Sinptity the circuit in Figure 4- 1a) t to arrive at the circuit of Figure 4-1(b). 
3. Change each AND gate in Figure 4-1(a) to a NAND gate. Determine the 
new en for x and simplify it. 
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4-4 DESIGNING COMBINATIONAL LOGIC CIRCUITS 


When the desired output level of a logic circuit is given for all possible input con- 
ditions, the results can be conveniently displayed in a truth table. The Boolean ex- 
pression for the required circuit can then be derived from the truth table. For ex- 
ample, consider Figure 4-4(a), where a truth table is shown for a circuit that has 
two inputs, A and B, and output x. The table shows that output x is to be at the 1 
level only for the case where A = 0 and B= 1. It now remains to determine what 
logic circuit will produce this desired operation. It should be apparent that one 
possible solution is that shown in Figure 4-4(b). Here an AND gate is used with in- 
puts A and B, so that x= A- B. Obviously x will be 1 only if both inputs to the 
AND gate are 1, namely A = 1 (which means A= 0) and B= 1. For all other val- 
ues of A and B, the output x will be 0. 

A similar approach can be used for the other input conditions. For instance, 
if x were to be high only for the A= 1, B=0 condition, the resulting circuit 
would be an AND gate with inputs A and B. In other words, for any of the four 
possible input conditions we can generate a high x output by using an AND gate 
with appropriate inputs. The four different cases are shown in Figure 4-5. Each of 


(a) (b) 


Figure 4-5 AND gates used to generate high 
outputs for each of the possible input condi- 
tions. 


> 
I 

se) 
D> 


PTT 
pl 


AB 


SECTION 4-4 / DESIGNING COMBINATIONAL LOGIC CIRCUITS 


107 


108 


x=-AB+AB 


o--—- Oo|X 
—_—*—_ 
> 


(a) (b) 


Figure 4-6 Each set of input conditions that is to produce a HIGH 
output is implemented by a separate AND gate. The AND outputs are 
ORed to produce final output. 


the AND gates shown generates an output that is 1 omly for the one given input 
condition and is 0 for all other conditions. It should be noted that the AND inputs 
are inverted or not inverted depending on the values that the variables have for 
the given condition. If the variable is 0 for the given condition, it is inverted before 
entering the AND gate. 

Let us now consider the case shown in Figure 4-6(a), where we have a truth 
table which indicates that the output x is to be 1 for two different cases: A = 0, 
B=1and A=1, B=0. How can this be implemented? We know that the AND 
term A- B will generate a 1 only for the A= 0, B=1 condition, and the AND 
term A-B will generate a 1 for the A= 1, B=0 condition. Since x has to be 
HIGH for either condition, it should be clear that these terms should be ORed to- 
gether to produce the desired output, x. This implementation is shown in Figure 
4-6(b), where the resulting expression for the output is x = AB+ AB. 

In this example, an AND term is generated for each case in the table where 
the output x is to be a 1. The AND gate outputs are then ORed together to pro- 
duce the total output x, which will be 1 when either AND term is 1. This same 
procedure can be extended to examples with more than two inputs. Consider the 
truth table for a three-input circuit (Table 4-1). Here there are three cases where 
the output x is to be 1. The required AND term for each of these cases is shown. 
Again, note that for each case where a variable is 0, it appears complemented in 


Table 4-1 
A B C x 
0 0 0 0 
0 0 1 0 
0 1 0) 1 — ABC 
0 1 1 1 — ABC 
1 0 ) 0 
i 0 1 0 
1 1 0 0 
1 1 1 1 — ABC 
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the AND term. The sum-of-products expression for x is obtained by ORing the 
three AND terms. 
x = ABC + ABC + ABC 


Complete Design Procedure Once the output expression has been de- 
termined from the truth table in sum-of-products form, it can easily be imple- 
mented using AND and OR gates and INVERTERs. Usually, however, the expres- 
sion can be simplified, thereby resulting in a more efficient circuit. The following 
example illustrates the complete design procedure. 


EXAMPLE 4-7 


Design a logic circuit that has three inputs, A, B, and C, and whose output will be 
high only when a majority of the inputs is high. 


solution 
Step |. Set up the truth table. 


On the basis of the problem statement, the output x should be 1 whenever two or 
more inputs are 1; for all other cases, the output should be 0 (Table 4-2). 


Table 4-2 
A B C x 
0 0 0 0 
0 0 1 0 
ot DO 0 
DO tf 4 1 ABC 
1 QO 0 0 
1 0 1 1 ABC 
1 1 0 1 ABC 
1 1 1 1 ABC 


Step 2. Write the AND term for each case where the Output is a |. 


There are four such cases. The AND terms are shown next to the truth table (Table 
4-2). Again note how each AND term contains each input variable in either in- 
verted or noninverted form. 


Step 3. Write the sum-of-products expression for the output. 
x= ABC + ABC + ABC + ABC 
Step 4. Simplify the output expression. 


This expression can be simplified in several ways. Perhaps the quickest way is to 
realize that the last term ABC has two variables in common with each of the other 
terms. Thus, we can use the ABC term to factor with each of the other terms. The 
expression is rewritten with the ABC term occurring three times (recall that this is 
legal in Boolean algebra): 


x= ABC + ABC + ABC+ ABC + ABC + ABC 
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Factoring the appropriate pairs of terms, we have 
x= BC(A + A) + AC(B + B) + ABCC + C) 
Since each term in parentheses is equal to 1, we have 
x= BC+ AC + AB 


Step 5. Implement the circut for the final expression. 


This expression is implemented in Figure 4-7. Since the expression is in sum-of- 
products form, the circuit consists of a group of AND gates working into a single 
OR gate. 


x =BC+AC + AB 


Figure 4-7. Example 4-7. 


EXAMPLE 4-8 


Refer to Figure 4-8(a), where four logic-signal lines A, B, C, D are being used to 
represent a 4-bit binary number with A as the MSB and D as the LSB. The binary 
inputs are fed to a logic circuit that produces a HIGH output only when the binary 
number is greater than 01102 = 610. Design this circuit. 


A 

B Logic 

G circuit 

D 
LSB 
(a) 
| 1 ABCD 
| 1+ ABCD 
(9) _| 1> ABCD 
A 7=A+Bcp !10) eee 
(11) I> ABCD 
, (12) || 1 ABCD 
- (13) || 13 ABCD 
(14) || 1 ABCD 
| 1> ABCD 
(c) (b) 


Figure 4-8 Example 4-8. 
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solution 


The truth table is shown in Figure 4-8(b). For each case in the truth table we have 
indicated the decimal equivalent of the binary number represented by the ABCD 
combination. 

The output z is set equal to 1 for all those cases where the binary number is 
ereater than 0110. For all other cases, z is set equal to 0. This truth table gives us 
the following sum-of-products expression: 

z= ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 
+ ABCD + ABCD + ABCD 
Simplification of this expression will be a formidable task, but with a little care it 
can be accomplished. The step-by-step process involves factoring and eliminating 
terms of the form A+ A: 


z= ABCD + ABC(D + D) + ABC(D + D) + ABC(D + D) + ABC(D + D) 

= ABCD + ABC + ABC + ABC + ABC 

= ABCD + AB(C + C) + AB(C + C) 

= ABCD + AB + AB 

= ABCD + A(B + B) 

= ABCD+ A 
This can be reduced further by invoking theorem (15), which says that x + xy = 
x+ y. In this case x = A and y= BCD. Thus, 

z= ABCD+ A= BCD+ A 
This final expression is implemented in Figure 4-8(c). 

As this example demonstrates, the algebraic simplification method can be 
quite lengthy when the original expression contains a large number of terms. This 
is a limitation that is not shared by the Karnaugh mapping method, as we will see 
later. 


Implementing the Final Design — In the design examples we have 
shown, the final circuit was implemented using AND and OR gates. In fact, the 
sum-of-products form always yields a circuit containing one or more AND gates 
driving a single OR gate. One of the reasons for using the sum-of-products form is 
that it can be implemented using all NAND gates with little, if any, increase in cir- 
cuit complexity over the AND/OR implementation. Since NAND gates are the most 
readily available logic gates in the TTL logic family, this is an important character- 
istic. 

To illustrate, Figure 4-9 shows the equivalent NAND implementation for the 
circuits of Figures 4-7 and 4-8(c). You may wish to work out these conversions 
yourself as a review of the procedure covered in Chapter 3. 

Comparing the NAND implementation with its original circuit in Figure 
4-9(a), we see that they are identical in structure; that is, each gate of the original 
circuit has been replaced by a single NAND gate. This characteristic is true only if 
the original circuit is in sum-of-products form. The only exception to this is when 
the sum-of-products form contains a single-variable term such as z= A+ BCD in 
Figure 4-9(b). Here the NAND implementation requires an extra NAND gate used 
as an INVERTER on the A input. 
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We can streamline the process of converting a sum-of-products circuit from 
AND/OR to NAND gates as follows: 


1. Replace each AND gate, OR gate, and INVERTER by a single NAND gate. 


2. Use a NAND gate to invert any single variable that is feeding the final OR 
gate. 


Check out this process for the circuits in Figure 4-9. 


EXAMPLE 4-9A 


Design a logic circuit with inputs P, Q, R so that output S is HIGH whenever P is 0 
or whenever O= R= 1. 


Solution 


The truth table is shown in Table 4-3. There are five different input conditions that 


are to produce a HIGH output. {Step 1} The AND terms for each of these cases are 
shown. {Step a 


Table 4-3 


POR 


POR 


The sum-of-products expression becomes 
S= POR + POR+ POR + POR+ POR Step 3} 
We can begin the simplification by factoring out PO from terms 1 and 2, pat fac- 
toring out PO from terms 3 and 4: 


S= POR + 8) + POR + ® + POR sepa 


Now we can eliminate the R+ R terms, since they equal 1: 
S=POQ+PQ+ POR 
Factoring P from terms 1 and 2 allows us to eliminate Q from these terms: 


S= P+ POR 
Here we can apply theorem (15) (v + xy = x + y) to obtain 
S=P+OR 


The AND/OR implementation for this circuit is shown in Figure 4-10(a). {Step 5} 
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p S=P+QR 


P S=P+QR 


(b) (c) 


Figure 4-10 (a) AND/OR implementation for Example 4-9A; (b) NAND implementation of same circuit; (c) 
simplification achieved by eliminating double INVERTERs. 


EXAMPLE 4-9B 


Implement the design of Example 4-9A using all NAND gates. 


solution 


Replace each OR and AND gate in Figure 4-10(a) with a NAND gate, and replace 
the INVERTER by a NAND gate INVERTER Cabeled 1). In addition, since the top 
input to the OR gate is a single variable (P), a NAND gate INVERTER (labeled 2) 
has to be placed at that input. The resulting circuit is shown in Figure 4-10(b). 
Clearly, we can eliminate INVERTERS 1 and 2 (since they form a double inversion 
of input P) to produce the final circuit of Figure 4-10(c). 


REVIEW QUESTIONS 


AL Write the sum-of-products expression for a circuit with toe inputs and an 
ouput that is to be HIGH only when input A is LOW at us same time that 
_ exactly two other inputs are LOW. : 
fa ‘Implement the expression of question 1 using all NAND gates. How many 
are neers 


4-5 KARNAUGH MAP METHOD 


The Karnaugh map is a graphical device used to simplify a logic equation or to 
convert a truth table to its corresponding logic circuit in a simple, orderly process. 
Although a Karnaugh map (henceforth abbreviated K map) can be used for prob- 
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lems involving any number of input variables, its practical usefulness is limited to 
six variables. The following discussion will be limited to problems with up to four 
inputs, since even five- and six-input problems are too involved and are best done 
by a computer program. 


Karnaugh Map Format — The K map, like a truth table, is a means for 
showing the relationship between logic inputs and the desired output. Figure 4-11 
shows three examples of K maps for two, three, and four variables, together with 
the corresponding truth tables. These examples illustrate the following important 
points: 


1. The truth table gives the value of output X for each combination of input val- 
ues. The K map gives the same information in a different format. Each case 
in the truth table corresponds to a square in the K map. For example, in 


[x= A8 a8 | 


(a) 


A BC 

0 0 0 1—> ABC 

0 0 1 — ABC 

0 1 0 1 — ABC 

O 1 1 X = ABC + ABC 

1 0 0 + ABC + ABC | 
1 0 1 

1 1 #0 — ABC 

1 1°74 


~» ABCD 


+ ABCD | X= ABCD + ABCD 
+ ABCD + ABCD 


+ ABCD 


— ABCD 
(c) 


Figure 4-11 Karnaugh maps and truth tables for (a) two, (b) three, and 
(c) four variables. 
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Figure 4-11(a), the A = 0, B= 0 condition in the truth table corresponds to 
the AB square in the K map. Since the truth table shows X = 1 for this case, 
a 1 is placed in the AB square in the K map. Similarly, the A = 1, B= 1 con- 
dition in the truth table corresponds to the AB square of the K map. Since X 
= 1 for this case, a 1 is placed in the AB square. All other squares are filled 
with Os. This same idea is used in the three- and four-variable maps shown 
in the figure. 


2. The K-map squares are labeled so that horizontally adjacent squares differ 
only in one variable. For example, the upper left-hand square in the four- 
variable map is ABCD, while the square immediately to its right is ABCD 
(only the D variable is different). Similarly, vertically adjacent squares differ 
only in one variable. For example, the upper left-hand square is ABCD 
while the square directly below it is ABCD (only the B variable is different). 

Note that each square in the top row is considered to be adjacent to a cor- 
responding square in the bottom row. For example, the ABCD square in the 
top row is adjacent to the ABCD square in the bottom row, since they differ 
only in the A variable. You can think of the top of the map as being 
wrapped around to touch the bottom of the map. Similarly, squares in the 
leftmost column are adjacent to corresponding squares in the rightmost col- 


umn. 


3. In order for vertically and horizontally adjacent squares to differ in only one 
variable, the top-to-bottom labeling must be done in the order shown—AB, 
AB, AB, AB. The same is true of the left-to-right labeling. 


4. Once a K map has been filled with Os and 1s, the sum-of-products expres- 
sion for the output X can be obtained by ORing together those squares that 


contain a 1. In the three-variable map of Figure 4-11(b), the ABC, ABC 


ABC, and ABC squares contain a 1, so that X = ABC + ABC + ABC + ABC. 


Looping The expression for output X can be simplified by properly combin- 
ing those squares in the K map which contain 1s. The process for combining these 
1s is called looping. 


Looping Groups of Two (Pairs) Figure 4-12(a) is the K map for a par- 
ticular three-variable truth table. This map contains a pair of 1s that are vertically 
adjacent to each other; the first represents ABC and the second represents ABC. 
Note that in these two terms only the A variable appears in both normal and com- 
plemented form (B and C remain unchanged). These two terms can be looped 
(combined) to give a resultant that eliminates the A variable since it appears in 
both uncomplemented and complemented forms. This is easily proved as follows: 
X = ABC + ABC 
= BC(A + A) 
= BC(1) = BC 
This same principle holds true for any pair of vertically or horizontally adja- 
cent 1s. Figure 4-12(b) shows an example of two horizontally adjacent 1s. These 
two can be looped and the C variable eliminated since it appears in both its un- 
complemented and complemented forms to give a resultant of X = AB. 
Another example is shown in Figure 4-12(c). In a K map the top row and 
bottom row of squares are considered to be adjacent. Thus, the two 1s in this map 


can be looped to provide a resultant of ABC + ABC = BC. 
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X= ABC + ABC 
- AB 


~ ABCD + ABCD 


+ ABCD + ABCD 
= ABC +ABD 


Figure 4-12 Examples of looping pairs of adjacent 1s. 


Figure 4-12(d) shows a K map that has two pairs of 1s which can be looped. 
The two Is in the top row are horizontally adjacent. The two 1s in the bottom row 
are also adjacent, since in a K map the leftmost column and rightmost column of 
squares are considered to be adjacent. When the top pair of 1s is looped, the D 
variable is eliminated (since it appears as both D and D) to give the term ABC. 
Looping the bottom pair eliminates the C variable to give the term ABD. These 
two terms are ORed to give the final result for X. 

To summarize: 


Looping a pair of adjacent 1s in a K map eliminates the variable 
that appears in complemented and uncomplemented form. 
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Looping Groups of Four (Quads) — A K map may contain a group of 
four 1s that are adjacent to each other. This group is called a guad. Figure 4-13 
shows several examples of quads. In part (a) the four 1s are vertically adjacent and 
in part (b) they are horizontally adjacent. The K map in Figure 4-13(c) contains 
four 1s in a square, and they are considered adjacent to each other. The four 1s in 
Figure 4-13(d) are also adjacent, as are those in Figure 4-13(e) because, as pointed 
out earlier, the top and bottom rows are considered to be adjacent to each other, 
as are the leftmost and rightmost columns. 

When a quad is looped, the resultant term will contain only the variables that 
do not change form for all the squares in the quad. For example, in Figure 4-13(a) 
the four squares which contain a 1 are ABC, ABC, ABC, and ABC. Examination of 
these terms reveals that only the variable C remains unchanged (both A and B 


Figure 4-13. Examples of looping groups of four 1s (quads). 
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appear in complemented and uncomplemented form). Thus, the resultant expres- 
sion for X is simply X = C. This can be proved as follows: 
X = ABC + ABC + ABC + ABC 
= AC(B + B) + AC(B + B) 
= AC+ AC 
=CA+A=C 
As another example, consider Figure 4-13(d), where the four squares containing 1s 
are ABCD ABCD, ABCD, and ABCD. Examination of these terms indicates that 
only the variables A and D remain unchanged, so that the simplified expression 
for X is 
X= AD 
This can be proved in the same manner that was used above. 
The reader should check each of the other cases in Figure 4-13 to verify the 
indicated expressions for X. To summarize: 


Looping a quad of 1s eliminates the two variables that appear in 
both complemented and uncomplemented form. 


Looping Groups of Eight (Octets) A group of eight 1s that are adja- 
cent to one another is called an octet. Several examples of octets are shown in 
Figure 4-14. When an octet is looped in a four-variable map, three of the four 


Figure 4-14 Examples of looping groups of eight 1s 
(octets). 


CD €D CD ‘tp 
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variables are eliminated because only one variable remains unchanged. For exam- 
ple, examination of the eight looped squares in Figure 4-14(a) shows that only the 
variable B is in the same form for all eight squares; the other variables appear in 
complemented and uncomplemented form. Thus, for this map, X = B. The reader 
can verify the results for the other examples in Figure 4-14. 

To summarize: 


Looping an octet of 1s eliminates the three variables 
that appear in both complemented 
and uncomplemented form. 


Complete Simplification Process — We have seen how looping of pairs, 
quads, and octets on a K map can be used to obtain a simplified expression. We 
can summarize the rule for loops of any size: When a variable appears in both 
complemented and uncomplemented form within a loop, that variable is elimi- 
nated from the expression. Variables that are the same for all squares of the loop 
must appear in the final expression. 

It should be clear that a larger loop of 1s eliminates more variables. To be 
exact, a loop of two eliminates one variable, a loop of four eliminates two, and a 
loop of eight eliminates three. This principle will now be used to obtain a simpli- 
fied logic expression from a K map that contains any combination of 1s and Os. 

The procedure will first be outlined and then applied to several examples. 
The steps below are followed in using the K-map method for simplifying a 
Boolean expression: 


1. Construct the K map and place Is in those squares corresponding to the 1s 
in the truth table. Place Os in the other squares. 


2. Examine the map for adjacent 1s and loop those Is which are not adjacent to 
any other 1s. These are called isolated 1s. 


3. Next, look for those 1s which are adjacent to only one other 1. Loop any 
pair containing such a 1. 


4. Loop any octet even it contains some 1s that have already been looped. 


5. Loop any quad that contains one or more 1s which have not already been 
looped, making sure to use the minimum number of loops. 


6. Loop any pairs necessary to include any 1s that have not yet been looped, 
making sure to use the minimum number of loops. 


7. Form the OR sum of all the terms generated by each loop. 


These steps will be followed exactly and referred to in the following exam- 
ples. In each case, the resulting logic expression will be in its simplest sum-of- 
products form. 


EXAMPLE 4-10 


Figure 4-15(a) shows the K map for a four-variable problem. We will assume that 
the map was obtained from the problem truth table (step 1). The squares are num- 
bered for convenience in identifying each loop. 
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Step 2. Square 4 is the only square containing a 1 that is not adjacent to any 
other 1. It is looped and is referred to as loop 4. 


Step 3. Square 15 is adjacent only to square 11. This pair is looped and re- 
ferred to as loop 11, 15. 


Step 4. There are no octets. 


Step 5. Squares 6, 7, 10, and 11 form a quad. This quad is looped Coop 6, 7, 
10, 11). Note that square 11 is used again, even though it was part of loop 
11, 15. 

Step 6. All 1s have already been looped. 

Step 7. Each loop generates a term in the expression for X. Loop 4 is simply 


ABCD. Loop 11, 15 is ACD (the B variable is eliminated). Loop 6, 7, 10, 11 is 
BD (A and Care eliminated). 


Figure 4-15. Examples 4-10 to 4-12. 


X= ABCD ea ACD + BD 


loop 4 loop loop 6, 
11,15 7, 10,11 


loop 5 loop 5, loop 
6,7,8 6, 9, 10 Sit 


X= ABC + ACD + ABC + ACD 


9, 10 2,6 7,9 11,45 
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EXAMPLE 4-11 


Consider the K map in Figure 4-15(b). Once again we can assume that step 1 has 
already been performed. 


Step 2. There are no isolated 1s. 


Step 3. The 1 in square 3 is adjacent only to the 1 in square 7. Looping this 
pair doop 3, 7) produces the term ACD. 


Step 4. There are no octets. 


Step 5. There are two quads. Squares 5, 6, 7, and 8 form one quad. Looping 
this quad produces the term AB. The second quad is made up of squares 5, 
6, 9, and 10. This quad is looped because it contains two squares that have 
not been looped previously. Looping this quad produces BC. 


Step 6. All 1s have already been looped. 


Step 7. The terms generated by the three loops are ORed together to obtain 
the expression for _X. 


EXAMPLE 4-12 


Consider the K map in Figure 4-15(c). 


Step 2. There are no isolated 1s. 


Step 3. The 1 in square 2 is adjacent only to the 1 in square 6. This pair is 
looped to produce ACD. Similarly, square 9 is adjacent only to square 10. 
Looping this pair produces ABC. Likewise, loop 7, 8 and loop 11,15 produce 
the terms ABC and ACD, respectively. 


Step 4. There are no octets. 


Step 5. There is one quad formed by squares 6, 7, 10, and 11. This quad, 
however, is ot looped, because all the 1s in the quad have been included in 
other loops. 


Step 6. All 1s have already been looped. 
Step 7. The expression for X is shown in the figure. 


EXAMPLE 4-13 


Consider the K map in Figure 4-16(a). 


Step 2. There are no isolated 1s. 

Step 3. There are no 1s that are adjacent to only one other 1. 
Step 4. There are no octets. 

Step 5. There are no quads. 


Steps 6 and 7. There are many possible pairs. The looping must use the 
minimum number of loops to account for all the 1s. For this map there are 
two possible loopings, which require only four looped pairs. Figure 4-16(a) 
shows one solution and its resultant expression. Figure 4-16(b) shows the 
other. Note that both expressions are of the same complexity, and so neither 
is better than the other. 
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X = ACD + ABC + ABC + ACD X = ABD + BCD + BCD + ABD 
(a) (b) 


Figure 4-16 The same K map with two equally good solutions. 


KXAMPLE 4-14 
Use the K map to simplify the expression y= ABC + BC+ AB. 


solution 


In this problem we are not given the truth table from which to fill in the K map. 
Instead, we must fill in the K map by taking each of the product terms in the ex- 
pression and placing 1s in the corresponding squares. 

The first term, ABC, tells us to enter a 1 in the ABC’ square of the map (see 
Figure 4-17). The second term, BC, tells us to enter a 1 in each square that con- 
tains a BC in its label. In Figure 4-17 this would be the ABC and ABC squares. 
Likewise, the AB term tells us to place a 1 in the ABC and ABC squares. All other 
squares will be filled with Os. 

Now the K map can be looped for simplification. The result is y= A + BC, 
as shown in the figure. 


Figure 4-17 Example 4-14. 


“Don't Care” Conditions Some logic circuits can be designed so that 
there are certain input conditions for which there are no specified output levels, 
usually because these input conditions will never occur. In other words, there will 
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care’ 
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Figure 4-18 “Don’t care” conditions should be changed to 0 or 1 to produce 
K-map looping that yields the simplest expression. 


be certain combinations of input levels where we “don’t care” whether the output 
is HIGH or LOW. This is illustrated in the truth table of Figure 4-18(a). 

Here the output z is not specified as either 0 or 1 for the conditions A, B, C 
= 1, 0, 0 and A, B, C= 0, 1, 1. Instead, an x is shown for these conditions. The x 
represents the “don’t care” condition. A “don’t care” condition can come about for 
several reasons, the most common being that in some situations certain input com- 
binations can never occur, and so there is no specified output for these conditions. 

A circuit designer is free to make the output for any “don’t care” condition 
either a 0 or a 1 in order to produce the simplest output expression. For example, 
the K map for this truth table is shown in Figure 4-18(b) with an x placed in the 
ABC and ABC squares. The designer here would be wise to change the x in the 
ABC square to a 1 and the x in the ABC square to a 0, since this would produce a 
quad that can be looped to produce z= A, as shown in Figure 4-18(c). 

Whenever “don’t care” conditions occur, we have to decide which ones to 
change to 0 and which to 1 to produce the best K-map looping (.e., the simplest 
expression). This decision is not always an easy one. Several end-of-chapter prob- 
lems will provide practice in dealing with “don’t care” cases. 


Summary The K-map process has several advantages over the algebraic 
method. K mapping is a more orderly process with well-defined steps as com- 
pared with the trial-and-error process sometimes used in algebraic simplification. K 
mapping usually requires fewer steps, especially for expressions containing many 
terms, and it always produces a minimum expression. 

Nevertheless, some instructors prefer the algebraic method because it re- 
quires a thorough knowledge of Boolean algebra and is not simply a mechanical 
procedure. Each method has its advantages, and though most logic designers are 
adept at both, being proficient in one method is all that is necessary to produce 
acceptable results. 

There are other more complex techniques that designers use to minimize 
logic circuits. These techniques are especially suited for circuits with large num- 
bers of inputs where algebraic and K-mapping methods are not feasible. Most of 
these techniques can be translated into a computer program which will perform 
the minimization from input data that supply the truth table or unsimplified ex- 
pression. 
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REVIEW QUESTIONS 


1. Use K mapping to simplify the expression of Example 4-7. 


2. Use K mapping to simplify the expression of Example 4-8. This should 
emphasize the advantage of K mapping for expressions containing many 
terms. 


3. What is a “don’t care” condition? 


4-6 | EXCLUSIVE-OR AND EXCLUSIVE-NOR CIRCUITS 


Two special logic circuits that occur quite often in digital systems are the exclu- 
sive-OR and exclusive-NOR circuits. 


Exclusive-OR Consider the logic circuit of Figure 4-19(a). The output ex- 
pression of this circuit is 
x= AB+ AB 

The accompanying truth table shows that x = 1 for two cases: A= 0, B= 1 (the 
AB term) and A= 1, B=0 (the AB term). In other words, this circuit produces 
a HIGH output whenever the two inputs are at opposite levels. This is the ex- 
clusive-OR circuit, which will hereafter be abbreviated EX-OR. 

This particular combination of logic gates occurs quite often and is very use- 
ful in certain applications. In fact, the EX-OR circuit has been given a symbol of its 


Figure 4-19 (a) Exclusive-OR circuit and truth table: (b) traditional EX-OR 
gate symbol; (c) IEEE/ANSI symbol for EX-OR gate. 


%=AB + AB 


Xx=AQOB 7 
A = AB + AB A 
7 | x=A@B 
B 
EX-OR 
(Cc) 
(b) 
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own, shown in Figure 4-19(b). This symbol is assumed to contain all the logic con- 
tained in the EX-OR circuit and therefore has the same logic expression and truth 
table. This EX-OR circuit is commonly referred to as an EX-OR gate, and we con- 
sider it as another type of logic gate. The IEEE/ANSI symbol for an EX-OR gate is 
shown in Figure 4-19(c). The dependency notation (= 1) inside the block indicates 
that the output will be active-HIGH only when a single input is HIGH. 

An EX-OR gate has only two inputs; there are no three-input or four-input 
EX-OR gates. The two inputs are combined so that x= AB+ AB. A shorthand 
way that is sometimes used to indicate the EX-OR output expression is 


x=A@MB 
where the symbol @ represents the EX-OR gate operation. 
The characteristics of an EX-OR gate are summarized as follows: 


1. It has only two inputs and its output is 
x=AB+ AB=AQ@B 
2. Its output is HIGH only when the two inputs are at different levels. 


Several ICs are available that contain EX-OR gates. Those listed below are quad 
EX-OR chips containing four EX-OR gates. 


m 7486 Quad EX-OR (TTL family) 
m 74C86 = Quad EX-OR (CMOS family) 
m 74HC86 Quad EX-OR (high-speed CMOS) 


xclusive-NOR — The exclusive-NOR circuit (abbreviated EX-NOR) operates 
completely opposite to the EX-OR circuit. Figure 4-20(a) shows an EX-NOR circuit 
and its accompanying truth table. The output expression is 

x= AB+ AB 
which indicates along with the truth table that x will be 1 for two cases: A= B= 1 
(the AB term) and A= B=0 (the AB term). In other words, this circuit pro- 
duces a HIGH output whenever the two inputs are at the same level. 

It should be apparent that the output of the EX-NOR circuit is the exact in- 
verse of the output of the EX-OR circuit. The traditional symbol for an EX-NOR 
gate is obtained by simply adding a small circle at the output of the EX-OR symbol 
[Figure 4-20(b)]. The IEEE/ANSI symbol adds the small triangle on the output of 
the EX-OR symbol. Both symbols indicate an output that goes to its active-LOW 
state when only one input is HIGH. 

The EX-NOR gate also has only two inputs, and it combines them so that its 
Output is 

x= AB+ AB 
A shorthand way to indicate the output expression of the EX-NOR is 
x=4@B 
which is simply the inverse of the EX-OR operation. The EX-NOR gate is summa- 
rized as follows: 


1. It has only two inputs and its output is 
x=AB+AB=AQ@B 


2. Its output is HIGH only when the two inputs are at the same level. 
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x = AB +AB 


(b) (c) 


Figure 4-20 (a) Exclusive-NOR circuit; (b) traditional symbol for EX-NOR 
gate; (c) IEEE/ANSI symbol. 


Several ICs are available that contain EX-NOR gates. Those listed below are 
quad EX-NOR chips containing four EX-NOR gates. 


m 7418266 Quad EX-NOR (TTL family) 
m 74C266 Quad EX-NOR (CMOS) 
m 74HC266 Quad EX-NOR (high-speed CMOS) 


Each of these EX-NOR chips, however, has special output circuitry that limits 
its use to special types of applications. Very often, a logic designer will obtain the 
EX-NOR function simply by connecting the output of an EX-OR to an INVERTER. 


HXAMPLE 4-15 


Determine the output waveform for the input waveforms given in Figure 4-21. 


solution 


The output waveform is obtained using the fact that the EX-OR output will go 
HIGH only when its inputs are at different levels. The resulting output waveform 
reveals several interesting points: 


1. The x waveform matches the A input waveform during those time intervals 
when B= 0. This occurs during the time intervals fo to t and fz to b. 

2. The x waveform is the inverse of the A input waveform during those time in- 
tervals when B= 1. This occurs during the interval fh to h. 


SECTION 4-6 / EXCLUSIVE-OR AND EXCLUSIVE-NOR CIRCUITS 


127 


3. These observations show that an EX-OR gate can be used as a controlled IN- 
VERTER; that is, one of its inputs can be used to control whether the signal 
at the other input will be inverted or not. This property will be useful in cer- 
tain applications. 


Figure 4-21 Example 4-15. 


EXAMPLE 4-16 


x1X) represents a 2-bit binary number that can have any value (OO, 01, 10, or 11); 
for example, when x, = 1 and xo = 0, the binary number is 10, and so on. Simi- 
larly, yiyo represents another 2-bit binary number. Design a logic circuit, using ™, 
xo, Vi, and yo inputs, whose output will be HIGH only when the two binary num- 
bers x1.X% and yiyo are equal. 


Table 4-4 
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Solution 

The first step is to construct a truth table for the 16 input conditions (Table 4-4). 
The output z has to be HIGH whenever the ™.% values match the y:yo values; that 
is, whenever x = y1 and xo = yo. The table shows that there are four such cases. 
We could now continue with the normal procedure, which would be to obtain a 
sum-of-products expression for z, attempt to simplify it, and then implement the 
result. However, the nature of this problem makes it ideally suited for implementa- 
tion using EX-NOR gates, and a little thought will produce a simple solution with 
minimum work. Refer to Figure 4-22; in this logic diagram ™ and y; are fed to one 
EX-NOR gate and xo and y are fed to another EX-NOR gate. The output of each 
EX-NOR will be HIGH only when its inputs are equal. Thus, for xo = yo and x = 
yi both EX-NOR outputs will be HIGH. This is the condition we are looking for, 
because it means that the two 2-bit numbers are equal. The AND gate output will 
be HIGH only for this case, thereby producing the desired output. 


x4 


Binary 
number 
Xo 
Binary Y1 a 
number 


Figure 4-22 Circuit for detecting equality of two 2-bit 
binary numbers. 


EXAMPLE 4-1/7 


When simplifying the expression for the output of a combinational logic circuit, 
you may encounter the EX-OR or EX-NOR operations as you are factoring. This 
will often lead to the use of EX-OR or EX-NOR gates in the implementation of the 
final circuit. To illustrate, simplify the circuit of Figure 4-23(a). 


Solution 
The unsimplified expression for the circuit is obtained as 
z= ABCD + ABCD + AD 
We can factor AD from the first two terms: 
z= AD(BC+ BC)+ AD 


At first glance you might think that the expression in parentheses can be replaced 
by 1. But that would be true only if it were BC+ BC. You should recognize the 
expression in parentheses as the EX-NOR combination of B and C. This fact can 
be used to reimplement the circuit as shown in Figure 4-23(b). This circuit is much 
simpler than the original, since it uses gates with fewer inputs, and two INVERT- 
ERs have been eliminated. 


SECTION 4-6 / EXCLUSIVE-OR AND EXCLUSIVE-NOR CIRCUITS 


129 


130 


z = ABCD + ABCD +AD 


z7=AD(B@C)+AD 


Figure 4-23. Example 4-17, showing how an EX-NOR gate may be used 
to simplify circuit implementation. 


REVIEW QUESTIONS 


1. Use Boolean algebra to prove that the EX-NOR output expression is the 


exact inverse of the EX-OR output expression. 


2. What is the output of an EX-NOR gate when a logic signal and its exact 
inverse are connected to its inputs? ~~ 

3. A logic designer needs an INVERTER, and all that is available is one EX- 
OR gate from a 7486 chip. Does he need another chip? 


4-7 — PARITY GENERATOR AND CHECKER 


In Chapter 2 we saw that a transmitter can attach a parity bit to a set of data bits 
before transmitting the data bits to a receiver. We also saw how this allows the re- 
ceiver to detect any single-bit errors that may have occurred during the transmis- 
sion. Figure 4-24 shows an example of one type of logic circuitry that is used for 
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Figure 4-24 EX-OR gates used to implement parity generator and parity checker 
for even-parity system. 


parity generation and parity checking. This particular example uses a group of 4 
bits as the data to be transmitted, and uses an even-parity bit. It can readily be 
adapted to use odd parity and any number of bits. 

In Figure 4-24(a), the set of data to be transmitted is applied to the parity- 
generator circuit, which produces the even-parity bit, P, at its output. This parity 
bit is transmitted to the receiver along with the original data bits, making a total of 
5 bits. In Figure 4-24(b), these 5 bits (data + parity) enter the receiver’s parity- 
checker circuit, which produces an error output, £, that indicates whether or not a 
single-bit error has occurred. 

It should not be too surprising that both these circuits employ EX-OR gates, 
when we consider that a single EX-OR gate operates in such a way that it pro- 
duces a 1 output if an odd number of its inputs are 1, and a 0 output if an even 
number of its inputs are 1. 


EXAMPLE 4-18 


Determine the parity generator’s output for each of the following sets of input 
data, D3D2D,Do: Ca) 0111; Cb) 1001; Cc) 0000; Cd) 0100. Refer to Figure 4.24(a). 


solution 


For each case, apply the data levels to the parity-generator inputs and trace them 
through each gate to the P output. The results are: (a) 1; Cb) 0; (c) 0; and (dD) 1. 
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Note that Pis a 1 only when the original data contain an odd number of 1s. Thus, 
the total number of Is sent to the receiver (data + parity) will be even. 


EXAMPLE 4-19 


Determine the parity checker’s output (see Figure 4.24(b)) for each of the follow- 
ing sets of data from the transmitter: 


P Ds Dp D 1 Do 


(a) 0 1 0 1 0 
(b) 1 1 1 1 0 
(c) 1 1 1 1 1 
(d) 1 0 0 0 0 
Solution 


For each case, apply these levels to the parity-checker inputs and trace them 
through to the — output. The results are (a) 0; (b) 0; (c) 1; Cd) 1. Note that a 1 is 
produced at F only when an odd number of 1s appear in the inputs to the parity 
checker. This indicates that an error has occurred, since even parity is being used. 


EXAMPLE 4-20 


Does the parity-checker circuit have any way of “knowing” which input bit is in 
error? 


solution 


No. The parity checker doesn’t know what the state of each input bit should be; it 
knows only that an even number of 1s should be present. Regardless of which bit 
is wrong, a single-bit error will change the total number of 1s from even to odd 
(either by removing a 1 or by adding an extra 1) and cause E to go HIGH. 


4-8 INHIBIT CIRCUITS 


Each of the basic logic gates can be used to control the passage of an input logic 
signal through to the output. This is depicted in Figure 4-25, where a logic signal, 
A, is applied to one input of each of the basic logic gates. The other input of each 
gate is the control input, B. The logic level at this control input will determine 
whether the input signal is enabled to reach the output, or inhibited from reach- 
ing the output. This controlling action is why these circuits came to be called 
“gates.” 

Examine Figure 4-25 and you should notice that when the noninverting gates 
(AND, OR) are enabled, the output will follow the A signal exactly. Conversely, 
when the inverting gates (NAND, NOR) are enabled, the output will be the exact 
inverse of the A signal. 
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Figure 4-25. Four basic gates can either enable or inhibit the passage of an input signal, A, 


under control of the logic level at control input B. 


Also notice that AND and NOR gates produce a constant LOW output when 
they are in the inhibited condition. Conversely, the NAND and OR gates produce a 
constant HIGH output in the inhibited condition. 

There will be many situations in digital-circuit design where the passage of a 
logic signal is to be enabled or inhibited, depending on conditions present at one 
or more control inputs. Several are shown in the following examples. 


EXAMPLE 4-21 


Design a logic circuit that will allow a signal to pass to the output only when con- 
trol inputs Band C'are both HIGH; otherwise, the output will stay LOW. 


solution 


An AND gate should be used because the signal is to be passed without inversion, 
and the inhibit output condition is a LOW. Since the enable condition has to occur 
only when B= C= 1, a three-input AND gate is used, as shown in Figure 4-26(a). 
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Figure 4-26 Examples 4-21 and 4-22. 


EXAMPLE 4-22 


Design a logic circuit that allows a signal to pass to the output only when one, but 
not both, of the control inputs are HIGH; otherwise, the output will stay HIGH. 


Solution 


The result is drawn in Figure 4-26(b). An OR gate is used because we want the 
output inhibit condition to be a HIGH, and we do not want to invert the signal. 
Control inputs Band C are combined in an EX-NOR gate. When B and C are dif- 
ferent, the EX-NOR sends a LOW to enable the OR gate. When B and C' are the 
same, the EX-NOR sends a HIGH to inhibit the OR gate. 


EXAMPLE 4-23 


Design a logic circuit with input signal A, control input B, and outputs X and Y to 
operate as follows: 


1. When B = 1, output X will follow input A, and output Y will be 0. 
2. When B= 0, output X will be 0, and output Y will follow input A. 


Solution 


The two outputs will be 0 when inhibited and will follow the input signal when 
enabled. Thus, an AND gate should be used for each output. Since X is to be en- 
abled when B = 1, its AND gate must be controlled by B, as shown in Figure 4-27. 
Since Yis to be enabled when B = 0, its AND gate is controlled by B. 

This circuit is called a pulse-steering circuit because it steers the input pulse 
to one output or the other depending on B. 


Figure 4-27 Example 4-23. 
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REVIEW QUESTIONS 


1. Design a logic circuit with three inputs A, B, Cand an output that goes 
LOW only when A is HIGH while B and Care different. . 


2. Which logic gates produce a 1 output in the inhibit state? 


3. Which logic gates pass the inverse of the input signal ye. mney are oe 
abled? 


4-9 BASIC GHARACTERISTIGCS OF DIGITAL ICs 


Digital ICs are a collection of resistors, diodes, and transistors fabricated on a sin- 
gle piece of semiconductor material (usually silicon) called a substrate which is 
commonly referred to as a “chip.” The chip is enclosed in a protective plastic or 
ceramic package from which pins extend for connecting the IC to other devices. 
The most common type of package is a dual-in-line package (DIP), shown in 
Figure 4-28. It is so called because it consists of two parallel rows of pins. The 
pins are numbered counterclockwise when viewed from the top of the package 
with respect to an identifying notch or dot at one end of the chip. The DIP shown 
is a 14-pin package; 16-, 20-, 24-, 28-, 40-, and 64-pin packages are also used. 


12 13:12 11.10 3: = 
Notch 


Chip may have 
small dot near pin 1 


Figure 4-28 (a) Dual-in-line package; (b) top view showing pin 
numbers. 


Digital ICs are often categorized according to their circuit complexity as mea- 
sured by the number of equivalent logic gates on the substrate. There are currently 
five standard levels of complexity that are defined in Table 4-5. 


Table 4-5 
: ‘Complexity - = | Number of Gates 
Small-scale integration (SSI) , _ “Fewer than 12 
Medium-scale integraticn (Msp) . . : 12 to 99. : 
Large-scale integration (LSD 8 : +100 to 9999 
Very large-scale integration (VLSI) _—SsCw 10,000 to 99,999 : 


Ultra large-scale integration (ULSD 100,000 or more — 
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Figure 4-29 


+Vcc © 
(14) 


All of the specific ICs referred to in Chapter 3 and this chapter are SSI chips 
having a small number of gates. In modern digital systems, medium-scale integra- 
tion (MSI) and large-scale integration devices (LSI, VLSI, ULSD perform most of the 
functions that once required several circuit boards full of SSI devices. However, SSI 
chips are still used as the “interface”, or “glue”, between these more complex 
chips. Typically, small combinations of discrete gates are used to connect the 
larger ICs to each other or to external devices. Thus, it is necessary to know how 
to analyze, design, test, and troubleshoot simple combinational circuits. 


Bipolar and Unipolar Digital ICs — Digital ICs can also be categorized 
according to the principal type of electronic component used in their circuitry. 
Bipolar ICs are those that are made using the bipolar junction transistor (NPN and 
PNP) as their main circuit element. Unipolar ICs are those that use the unipolar 
field-effect transistors (P-channel and N-channel MOSFETs) as their main element. 

The most widely used family of bipolar digital ICs is the TTL (transistor/tran- 
sistor logic) family. Figure 4-29(a) shows a standard TTL INVERTER circuit. Notice 
that it contains several bipolar transistors. The TTL family is especially prominent 
in small-scale and medium-scale integration (SSI and MSD and has been a front- 
runner in these categories for quite some time. Its leading position in SSI and MSI, 
however, is being shared by the CMOS (complementary metal-oxide-semiconduc- 
tor) logic family, which belongs to the category of unipolar digital ICs. Figure 
4-29(b) shows a standard CMOS INVERTER circuit that uses enhancement-type 
MOSFETs as its main circuit element. Later in the text we will take a detailed look 
at these TTL and CMOS circuits. 


TTL Family | The TTL logic family actually consists of several subfamilies or 
series. Table 4-6 lists the name of each TTL series together with the prefix designa- 


(a) TTL INVERTER circuit; (b) CMOS INVERTER circuit. Pin numbers are given in parentheses. 


+Vop 

(14) 
Q, 

Input A 
(1) Output 
(2) 
Q» 
Output 
(7) 


(a) 
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Table 4-6 Various Series within the TTL Logic Family 


TTL Series Prefix Example IC 
Standard TTL 74 7404 (hex INVERTER) 
Schottky TTL 74S 74804 (hex INVERTER) 
Low-power Schottky TTL 74LS 74LS04 (hex INVERTER) 
Advanced Schottky TTL 74AS 74AS04 (hex INVERTER) 
Advanced low-power 74ALS 74ALS04 (hex INVERTER) 

Schottky TTL 


tion used to identify different ICs as being part of that series. For example, ICs that 
are part of the standard TTL series have an identification number that starts with 
74. The 7402, 7438, and 74123 are all ICs in this series. Likewise ICs that are part 
of the low-power Schottky TTL series will have an identification number that starts 
with 74LS. The 74LS02, 74LS38, and 74LS123 are examples of devices in the 74LS 
series. 

The differences between the various TTL series are in their electrical charac- 
teristics, such as power dissipation, delay times, and switching speed. They do not 
differ in the pin layout or logic operations performed by the internal circuitry. For 
example, the 7402, 74502, 74LS02, 74ALS02, and 74AS02 are all quad two-input 
NOR gates. We will compare the electrical characteristics of the different TTL se- 
ries in Chapter 8. 


CMOS Family There are several CMOS series available. They are listed in 
Table 4-7. The 4000 and 14000 series are the oldest CMOS series. These series con- 
tain many of the same logic functions as the TTL family, but they were not de- 
signed to be pin-compatible with TTL devices. For example, the 4001 quad NOR 
chip contains four two-input NOR gates, as does the TTL 7402 chip, but the gate 
inputs and outputs on the CMOS chip will not have the same pin numbers as the 
corresponding signals on the TTL chip. 

The 74C, 74HC, 74HCT, 74AC, and 74ACT series are newer CMOS series. The 
first three are pin-compatible with correspondingly numbered TTL devices. For ex- 
ample, the 74C02, 74HC02, and 74HCTO2 have the same pin layout as the 7402, 


Table 4-7 Various Series within CMOS Logic Family 


CMOS Series Prefix Example IC 
Metal-gate CMOS 40 or 140 4001 or 14001 (quad NOR gates) 
Metal-gate, pin-compatible 74C 74C02 (quad NOR gates) 
with TTL 

Silicon-gate, pin-compatible 74HC 74HCO02 (quad NOR gates) 
with TTL, high speed 

Silicon-gate, high speed, 74HCT 74HCTO02 (quad NOR gates) 
electrically compatible 
with LIL 
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74LS02, and so on. The 74HC and 74HCT series operate at a higher speed than 
74C devices. The 74HCT series is designed to be electrically compatible with TTL 
devices; that is, a 74HCT integrated circuit can be connected directly to TTL de- 
vices without any interfacing circuitry. The 74AC and 74ACT series (not shown in 
the table) are advanced-performance ICs. Neither are pin-compatible with TTL. 
74ACT devices are electrically compatible with TTL. We explore the various TTL 
and CMOS series in greater detail in Chapter 8. 


Power and Ground To use digital ICs, it is necessary to make the proper 
connections to the IC pins. The most important connections are dc power and 
ground. These are required for the circuits on the chip to operate correctly. Refer- 
ring to Figure 4-29, you can see that both the TTL and CMOS circuits have a dc 
power supply voltage connected to one of their pins, and ground to another. The 
power supply pin is labeled Vcc for the TTL circuit, and Vpp for the CMOS circuit. 
Many of the newer CMOS integrated circuits that are designed to be compatible 
with TTL integrated circuits also use Vcc as their power pin. 

If either the power or ground connection is not made to the IC, the logic 
gates on the chip will not respond properly to the logic inputs and will not pro- 
duce the expected output logic levels. 


Logic-Level Voltage Ranges For TTL devices, Vec is nominally +5 V. 
For CMOS integrated circuits, Vopp can range from +3 to +18 V, although +5 V is 
most often used when CMOS integrated circuits are used in the same circuit with 
TTL integrated circuits. 

For standard TTL devices the acceptable voltage ranges for the logic 0 and 
logic 1 levels are defined as shown in Figure 4-30(a). A logic 0 is any voltage in 
the range from 0 to 0.8 V; a logic 1 is any voltage from 2 V to 5 V. Voltages that 
are not in either of these ranges are said to be indeterminate and should not be 
used as inputs to any TTL device. The IC manufacturers cannot guarantee how a 
TTL circuit will respond to input levels that are in the indeterminate range (be- 
tween 0.8 and 2.0 V). 


Figure 4-30 Logic-level voltage ranges for TTL and CMOS digital 


ICs, 
oO aoe 5OV.--- 
LOGIC 1 
3.5V 
POY «x Indeterminate 
ov 
O8V-:--t _ 
LOGIC O 
OV--.£ GAls + 
(a) (b) 
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The logic level ranges for CMOS integrated circuits operating with Vpp = 
+5 V are shown in Figure 4-30(b). Voltages between 0 and 1.5 V are defined as a 
logic 0, and voltages from 3.5 to 5 V as a logic 1. The indeterminate range includes 
voltages between 1.5 and 3.5 V. 


Unconnected (Floating) InpulS ~—= What happens when the input to a 
digital IC is left unconnected? An unconnected input is often called a “floating” 
input. The answer to this question will be different for TTL and CMOS. 

A floating TTL input acts just like a logic 1. In other words, the IC will re- 
spond as if the input had a logic HIGH level applied to it. This characteristic is 
often used when testing a TTL circuit. A lazy technician might leave certain inputs 
unconnected instead of connecting them to a logic HIGH. Although this is logi- 
cally correct, it is not a recommended practice, especially in final circuit designs, 
since the floating TTL input is extremely susceptible to picking up noise signals 
that will probably adversely affect the device’s operation. 

A floating TTL input will measure a dc level of between 1.4 and 1.8 V when 
checked with a VOM or oscilloscope. Even though this is in the indeterminate 
range for TTL it will produce the same response as a logic 1. Being aware of this 
characteristic of a floating TTL input can be valuable when troubleshooting TTL 
circuits. 

If a CMOS input is left floating, it may have disastrous results. The IC may 
become overheated and eventually destroy itself. For this reason all inputs to a 
CMOS integrated circuit must be connected to a LOW or a HIGH level or to the 
output of another IC. A floating CMOS input will not measure as a specific de volt- 
age, but will fluctuate randomly as it picks up noise. Thus, it does not act as logic 
1 or logic 0, and so its effect on the output is unpredictable. Sometimes the output 
will oscillate as a result of the noise picked up by the floating input. 


Logic-Circuit Connection Diagrams A connection diagram shows all 
electrical connections, pin numbers, IC numbers, component values, signal names, 
and supply voltages. Figure 4-31 shows a typical connection diagram for a simple 
logic circuit. Examine it carefully and note the following important points: 


1. The circuit uses logic gates from two different ICs. The two INVERTERs are 
part of a 7404 chip which has been given the designation Z1. The 7404 con- 
tains six INVERTERs; two of them are used in this circuit and each is labeled 
as being part of chip Z1. Similarly, the two NAND gates are part of a 7400 
chip that contains four NAND gates. All of the gates on this chip are desig- 
nated with the label Z2. By numbering each gate as Z1, Z2, Z3, and so on, 
we can keep track of which gate is part of which chip. This is especially 
valuable in more complex circuits containing many ICs with several gates per 
chip. 

2. Each gate input and output pin number is indicated on the diagram. These 
pin numbers and the IC labels are used to easily reference any point in the 
circuit. For example, Z1 pin 2 refers to the output pin of the top INVERTER. 
Similarly, we can say that Z1 pin 4 is connected to Z2 pin 9. 


3. The power and ground connections to each IC are shown on the diagram. 
For example, Z1 pin 14 is connected to +5 V and Z1 pin 7 is connected to 
ground. These connections provide power to all of the six INVERTERs that 
are part of Z1. 
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LOAD 
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SHIFTOUT 


Figure 4-31 Typical logic-circuit connection diagram. 


Manufacturers of electronic equipment generally supply detailed schematics 
that use a format similar to that in Figure 4-31. These connection diagrams are a 
virtual necessity when troubleshooting a faulty circuit. 


REVIEW QUESTIONS 


1. What is the most common type of digital IC package? | 
2. Name the five common categories of digital ICs according to complexity. 


3. True or false: A 7474 chip will contain the same logic and pin layout as 
the 74LS74. 


4. True or false: A 74HC74 chip will contain the same logic and pin layout as 
the 7474. 


. Which CMOS series is not pin-compatible with TTL? 


wu 


6. What is the acceptable voltage range of a logic 0 for TTL? What is it for a 
logic 1? _ 
7. Repeat question 6 for CMOS operating at Vpp = 5 V. 


ie 


- How does a TTL integrated circuit respond to a floating input? _ 


9. How does a CMOS integrated circuit respond to a floating input? 


4-1Q) TROUBLESHOOTING DIGITAL SYSTEMS 


There are three basic steps in fixing a digital circuit or system that has a fault (fail- 
ure): 


1. Fault detection. Observe the circuit/system operation and compare it with 
the expected correct operation. 
2. Fault isolation. Perform tests and make measurements to isolate the fault. 


3. Fault correction. Replace the faulty component, repair faulty connection, 
remove short, and so on. 
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Figure 4-32 A 
logic probe is used 
to monitor the logic 
level activity at an IC 
pin or any other ac- 
cessible point in a 
logic circuit. 


Although these steps may seem relatively apparent and straightforward, the 
actual troubleshooting procedure that is followed is highly dependent on the type 
and complexity of the circuitry, and on the kinds of troubleshooting tools and doc- 
umentation that are available. 

Good troubleshooting techniques can only be learned in a laboratory envi- 
ronment through experimentation and actual troubleshooting of faulty circuits and 
systems. There is absolutely no better way to become an effective troubleshooter 
than to do as much troubleshooting as possible, and no amount of textbook read- 
ing can provide that kind of experience. We can, however, help you to develop 
the analytical skills that are the most essential part of effective troubleshooting. We 
will describe the types of faults that are common to systems that are made primar- 
ily from digital ICs and tell you how to recognize them. We will then present typi- 
cal case studies to illustrate the analytical processes involved in troubleshooting. In 
addition, there will be end-of-chapter problems to provide you with the opportu- 
nity to go through these analytical processes to reach conclusions about faulty dig- 
ital circuits. 

For all of the troubleshooting discussions throughout the book, we will as- 
sume that a technician has the standard troubleshooting tools available: an oscillo- 
scope and a logic probe. We will assume that the logic probe has one or more indi- 
cator LEDs that indicate the various conditions of the logic signal (HIGH, LOW, 
indeterminate, pulsing) that are present at that point in the circuit which the probe 
tip is touching (see Figure 4-32). 


4-11 INTERNAL DIGITAL IC FAULTS 


The most common internal failures of digital ICs are: 


1. Malfunction in the internal circuitry 

2. Inputs or outputs shorted to ground or Vec 

3. Inputs or outputs open-circuited 

4. Short between two pins (other than ground or Vcc) 


We will now describe each of these types of failure. 
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Malfunction in Internal Circuitry — This is usually caused by one of the 
internal components failing completely or operating outside its specifications. 
When this happens the IC outputs do not respond properly to the IC inputs. There 
is no way to predict what the outputs will do, because it depends on what internal 
component has failed. Examples of this type of failure would be a base-emitter 
short in transistor OQ, or an extremely large resistance value for Rk: in the TTL IN- 
VERTER of Figure 4-29(a). This type of internal IC failure is not as common as the 
other three. 


Input Internally Shorted to Ground or Supply This type of internal 
failure will cause the input to be stuck in the LOW or HIGH state. Figure 4-33(a) 
shows input pin 2 of a NAND gate shorted to ground within the IC. This will cause 
pin 2 always to be in the LOW state. If this input pin is being driven by a logic sig- 
nal B, it will effectively short B to ground. Thus, this type of fault will affect the 
output of the device that is generating the B signal. 

Similarly, an IC input pin could be internally shorted to +5 V as in Figure 
4-33(b). This would keep that pin stuck in the HIGH state. If this input pin is 
being driven by a logic signal A, it would effectively short A to +5 V. 


Output Internally Shorted to Ground or Supply This type cf inter- 
nal failure will cause the output pin to be stuck in the LOW or HIGH state. Figure 


Figure 4-33 = (a) IC input internally shorted to ground; 
(b) IC input internally shorted to supply voltage. This 
type of failure forces input signal at shorted pin to stay in 
one state. (c) IC output internally shorted to ground; 

(d) output internally shorted to supply voltage. This type 
of failure does not affect signals at the IC inputs. 


Internal 
short 
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( short 
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4-33(c) shows pin 3 of the NAND gate shorted to ground within the IC. This out- 
put is stuck LOW, and it will not respond to the conditions applied to input pins 1 
and 2; in other words, logic inputs A and B will have no effect on output X. 

An IC output pin can also be shorted to +5 V within the IC as shown in Fig- 
ure 4-33(d). This forces the output pin 3 to be stuck HIGH regardless of the state 
of the signals at the input pins. Note that this type of failure has no effect on the 
logic signals at the IC inputs. 


HXAMPLE 4-24 


Refer to the circuit of Figure 4-34. A technician uses a logic probe to determine the 
conditions at the various IC pins. The results are recorded in the figure. Examine 
these results and determine if the circuit is working properly. If not, suggest some 
of the possible faults. 


Condition 


Z1-3 | Pulsing 
Z1-4} LOW 
Z2-1 LOW 
Z2-2 | HIGH 


HIGH 


Figure 4-34 Example 4-24. 


solution 


Output pin 4 of the INVERTER should be pulsing, since its input is pulsing. The 
recorded results, however, show that pin 4 is stuck LOW. Since this is connected 
to Z2 pin 1, this keeps the NAND output HIGH. From our preceding discussion, 
we can list three possible faults that could produce this operation. 

First, there could be an internal component failure in the INVERTER that pre- 
vents it from responding properly to its input. Second, pin 4 of the INVERTER 
could be internally shorted to ground, thereby keeping it stuck LOW. Third, pin 1 
of Z2 could be shorted to ground internal to Z2. This would prevent the IN- 
VERTER output pin from changing. Locating the actual fault will be discussed later. 


Open-Circuited Input or Output = — Sometimes the very fine conducting 
wire that connects an IC pin to the IC’s internal circuitry will break, producing an 
open circuit. Figure 4-35 shows this for an input (pin 13) and an output (pin 6). If 
a signal is applied to pin 13, it will not reach the NAND-1 gate input and so will 
not have an effect on the NAND-1 output. The open gate input will be in the float- 
ing state. As stated earlier, TTL devices will respond as if this floating input is a 
logic 1, and CMOS devices will respond erratically and may even become dam- 
aged from overheating. 

The open at the NAND-4 output prevents the signal from reaching IC pin 6, 
so there will be no stable voltage present at that pin. If this pin is connected to the 
input of another IC, it will produce a floating condition at that input. 
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Figure 4-35 An IC with an internally open input will not respond 
to signals applied to that input pin. An internally open output will 
produce an unpredictable voltage at that output pin. 


EXAMPLE 4-25 


Refer to the circuit of Figure 4-36 and the recorded logic probe indications. What 
are some of the possible faults that could produce the recorded results? Assume 
that the ICs are TTL. 


Pin | Condition 
Z1-3 HIGH 
Z1-4 LOW 
Z2-1 LOW 
Z2-2 Pulsing 
Z2-3 Pulsing 


Note: Vcc and ground © 
connections to each 
IC are not shown — 


Figure 4-36 Example 4-25. 


solution 


Examination of the recorded results indicates that the INVERTER appears to be 
working properly, but the NAND output is inconsistent with its inputs. The NAND 
output should be HIGH, since its input pin 1 is LOW. This LOW should prevent 
the NAND gate from responding to the pulses at pin 2. It is probable that this 
LOW is not reaching the internal NAND gate circuitry because of an internal open. 
Because the IC is TTL, this open circuit would produce the same effect as a logic 
HIGH at pin 1. If the IC had been CMOS, the internal open circuit at pin 1 might 
have produced an indeterminate output and possible overheating and destruction 
of the chip. 

From our earlier statement regarding open TTL inputs, you might have ex- 
pected that the voltage of pin 1 of Z2 would be 1.4 to 1.8 V and should have been 
registered as indeterminate by the logic probe. This would have been true if the 
open circuit had been external to the NAND chip. There is no open circuit be- 
tween Z1 pin 4 and Z2 pin 1, and so the voltage at Z1 pin 4 is reaching Z2 pin 1, 
but it becomes disconnected inside the NAND chip. 
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short 


Z1-4 


Figure 4-37. When two input pins are internally shorted, the signals driving these pins 


are forced to be identical, and usually a signal with three distinct levels results. 


Short Between Two Pins An internal short between two pins of an IC 
will force the logic signals at those pins always to be identical. Whenever two sig- 
nals that are supposed to be different show the same logic-level variations, there is 
a good possibility that the signals are shorted together. 

Consider the circuit in Figure 4-37, where pins 5 and 6 of the NOR gate are 
internally shorted together. The short causes the two INVERTER output pins to be 
connected together so that the signals at Z1 pin 2 and Z1 pin 4 have to be identi- 
cal even when the two INVERTER input signals are trying to produce different out- 
puts. To illustrate, consider the input waveforms shown in the diagram. Even 
though these input waveforms are different, the waveforms at outputs Z1-2 and 
Z1-4 are the same. 

During the interval 4, to # , both INVERTERs have a HIGH input and both 
are trying to produce a LOW output, so that their being shorted together makes no 
difference. During the interval t, to ts , both INVERTERs have a LOW input and 
are trying to produce a HIGH output, so that again their being shorted has no ef- 
fect. However, during the intervals h to & and & to t4 , one INVERTER is trying to 
produce a HIGH output while the other is trying to produce a LOW output. For 
this situation the actual voltage level that appears at the shorted outputs will de- 
pend on the internal IC circuitry. For TTL devices it will usually be a voltage in the 
high end of the logic 0 range (i.e., close to 0.8 V), although it may also be in the 
indeterminate range. For CMOS devices it will often be a voltage in the indetermi- 
nate range. 

Whenever you see a waveform like the Z1-2, Z1-4 signal in Figure 4-37 with 
three different levels, you should suspect that two output signals may be shorted 
together. 


REVIEW QUESTIONS 


1. List the different internal digital IC faults. 


2. Which internal IC fault can produce signals that show three different volt- 
age levels? 
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4-{2 EXTERNAL FAULTS 


We have seen how to recognize the effects of various faults internal to digital ICs. 
There are many more things that can go wrong external to the ICs; we will de- 
scribe the most common ones in this section. 


Open Signal Lines This category includes any fault that produces a break 
or discontinuity in the conducting path such that a voltage level or signal is pre- 
vented from going from one point to another. Some of the causes of open signal 
lines are: 


1. Broken wire 


2. Poor solder connection; loose wire-wrap connection 


3. Crack or cut trace on a printed circuit board (some of these are hairline 
cracks that are difficult to see without a magnifying glass) 


4. Bent or broken pin on an IC 


5. Faulty IC socket such that the IC pin does not make good contact with the 
socket 


This type of circuit fault is easily verified by disconnecting power from the circuit 
and checking continuity with an ohmmeter between the two points in question. 


EXAMPLE 4-26 


Consider the CMOS circuit of Figure 4-38 and the accompanying logic probe indi- 
cations. What is the most probable circuit fault? 


A Pin | Condition 
Z1-1 | Pulsing 
B . 71-2 | HIGH 
Z1-3 | Pulsing 
Z1-4 | LOW 
C Z1-5 | Pulsing 
5 Z1-6 | LOW 
7 Z2-3 | Pulsing 
_ AILICs Z2-2 | Indeterminate 
— es Z2-1 | Indeterminate 
Zi. /4HC08 
22 74HC02 


Figure 4-38 Example 4-20. 


Solution 


The indeterminate level at the NOR gate output is probably due to the indetermi- 
nate input at pin 2. Since there is a LOW at Z1-6, this LOW should also be at Z2-2. 
Clearly, the LOW from Z1-6 is not reaching Z2-2, and there must be an open cir- 
cuit in the signal path between these two points. The location of this open circuit 
can be determined by starting at Z1-6 with the logic probe and tracing the LOW 
level along the signal path toward Z2-2 until it changes into an indeterminate 
level. 
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Shorted Signal Lines This type of fault has the same effect as an internal 
short between IC pins. It causes two signals to be exactly the same. The main 
causes are: 


1. Sloppy wiring. An example of this is stripping too much insulation from 
ends of wires that are in close proximity. 


2. Solder bridges. These are splashes of solder that short two or more points 
together. They commonly occur between points that are very close together, 
such as adjacent pins on a chip. 


3. Incomplete etching. The copper between adjacent conducting paths on a 
printed circuit board is not completely etched away. 


An ohmmeter check can be used to verify that two signal lines are shorted 
together. 


Faulty Power Supply All digital systems have one or more dc power sup- 
plies that supply the Vcc and Vpp voltages required by the chips. A faulty power 
supply or one that is overloaded (supplying more than its rated amount of current) 
will provide poorly regulated supply voltages to the ICs, and the ICs either will not 
operate, or will operate erratically. 

A power supply may go out of regulation because of a fault in its internal 
circuitry, or because the circuits that it is powering are drawing more current than 
the supply is designed for. This can happen if a chip or a component has a fault 
that causes it to draw much more current than normal. 

It is a good troubleshooting practice to check the voltage levels at each 
power supply in the system to see that they are within their specified ranges. It is 
also a good idea to check them on an oscilloscope to verify that there is no signifi- 
cant amount of ac ripple on the dc levels, and that the voltage levels stay regu- 
lated during the system operation. 

One of the most common signs of a faulty power supply is one or more 
chips operating erratically or not at all. Some ICs are more tolerant of power sup- 
ply variations and may operate properly, while others do not. You should always 
check the power and ground levels at each IC that appears to be operating incor- 
rectly. 


REVIEW {REECE 


A “What are the most cor m mon types oe external ne. 
22 List some of the causes of signal path open circuits. 


3: What symptoms are caused oe a \ faulty power supply? 


4-13 TROUBLESHOOTING CASE STUDY 


The following example will illustrate the analytical processes involved in trou- 
bleshooting digital circuits. Although the example is a fairly simple combinational 
logic circuit, the reasoning and troubleshooting procedures used can be applied to 
the more complex digital circuits that we encounter in subsequent chapters. 
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HXAMPLE 4-27 


Consider the circuit of Figure 4-39. The output Y is supposed to go HIGH for ei- 
ther of the following conditions: 


1. A= 1, B= 0 regardless of level on C 
2.A=0,B=1,C=1 


You may wish to verify this for yourself. 

When the circuit is tested, the technician observes that the output Y goes 
HIGH whenever A is HIGH or C is HIGH regardless of the level at B. She takes 
logic probe measurements for the condition where A = B = 0, C = 1 and comes 
up with the indications recorded in Figure 4-39. 

Examine the recorded levels and list the possible causes for the malfunction. 
Then develop a step-by-step procedure to determine the exact fault. 


Condition 


ICs are TTL 


Zi. 7486 
Z2, /400 


Figure 4-39 Example 4-27. 


Solution 


All of the NAND gate outputs are correct for the levels present at their inputs. The 
EX-OR gate, however, should be producing a LOW at output pin 3, since both of 
its inputs are at the same LOW level. It appears that Z1-3 is stuck HIGH even 
though its inputs should produce a LOW. There are several possible causes for 
this: 


1. An internal component failure in Z1 that prevents its output from going LOW 


2. An external short to Vcc from any point along the conductors connected to 
node X (shaded in diagram) 


3. Pin 3 of Z1 internally shorted to Vcc 
Pin 5 of Z2 internally shorted to Vcc 
5. Pin 13 of Z2 internally shorted to Vac 


= 
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All of these possibilities except for the first one will short node X (and every 
IC pin connected to it) directly to Vcc. 

The following procedure can be used to isolate the fault. This procedure is 
not the only approach that can be used, and as we stated earlier, the actual trou- 
bleshooting procedure that a technician uses is very dependent on what test 
equipment is available. 


1. Check the Vcc and ground levels at the appropriate pins of Z1. Although it is 
unlikely that the absence of either of these might cause Z1-3 to stay HIGH, it 
is a good idea to make this check on any IC that is producing an incorrect 
output. 


2. Turn off power to the circuit and use an ohmmeter to check for a short (re- 
sistance less than 1 () between node X and any point connected to Vac 
(such as Z1-14 or Z2-14). If no short is indicated, the last four possibilities in 
our list can be eliminated. This means that it is very likely that Z1 has an in- 
ternal failure and should be replaced. 


3. If step 2 shows that there is a short from node X to Vcc, perform a thorough 
visual examination of the circuit board and look for solder bridges, unetched 
copper slivers, uninsulated wires touching each other, and any other possible 
cause of an external short to Vec. A likely spot for a solder bridge would be 
between adjacent pins 13 and 14 of Z2. Pin 14 is connected to Vec and pin 
13 to node X. If an external short is found, remove it and perform an ohm- 
meter check to verify that node X is no longer shorted to Vac. 


4. If step 3 does not reveal an external short, the three possibilities that remain 
are internal shorts to Vec at Z1-3, Z2-13, or Z2-5. One of these is shorting 
node X to Vac. 


To determine which of these IC pins is the culprit, we should disconnect 
each of them from node X one at a time and recheck for a short to Vec after each 
disconnection. When the pin that is internally shorted to Vcc is disconnected, node 
X will no longer be shorted to Vcc. 

The process of disconnecting each suspected pin from node X can be easy 
or difficult depending on how the circuit is constructed. If the ICs are in sockets, 
all you need to do is to pull the IC from its socket, bend out the suspected pin, 
and reinsert the IC into its socket. If the ICs are soldered into a printed circuit 
board, you will have to cut the trace that is connected to the pin (or cut the pin) 
and repair the cut trace (or pin) when you are finished. 

There is a troubleshooting technique that makes it unnecessary to bend pins 
or cut traces when trying to isolate a short. It involves using a tool called a cur- 
rent tracer to trace the flow of current through the short circuit as the node is 
being pulsed. The current tracer senses the changing magnetic field around the 
conductor through which the current is being shorted. We will examine this in 
Chapter 8. 


Example 4-27, although fairly simple, shows you the kinds of thinking that a 
troubleshooter must employ in order to isolate a fault. You will have the opportu- 


nity to begin developing your own troubleshooting skills by working on Problems 
4-34 to 4-44. 
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4-14 PROGRAMMABLE LOGIG* 


As we have seen, the last step in the design of a logic circuit is to gather the ap- 
propriate ICs and make the proper connections so that the circuit’s outputs are the 
desired logic functions of the circuit’s inputs. Once this is done, the circuit can be 
tested. You have probably followed this procedure many times in the lab. 

Later in this book we will spend a great deal of time learning about another 
approach to implementing logic functions that differs markedly from this common 
one. It utilizes something called programmable logic, and is especially useful in 
implementing more complex circuits containing tens or hundreds of logic gates. 
The details of programmable logic will be left to later, but the basic concept will 
be introduced here with the help of Figure 4-40. The rectangular block represents 
an example of a programmable logic device (PLD) which is an integrated circuit 
that contains a particular arrangement of logic gates. There are many kinds of PLD, 
all of which contain many more than the few gates in this example, but we will 
use this simple example to show the fundamental idea of all programmable logic. 

The logic in this simplified PLD should be recognized as the sum-of-products 
structure with AND gates feeding a final OR gate. The output X will be a sum-of- 
products function of the data inputs A and B. The actual output function will de- 
pend upon which of the AND gate outputs are connected to the OR gate inputs. 
Right now, all of the AND outputs are shown connected to the OR gate through 
connecting links 1, 2, 3, and 4. Each of these links can be left intact, as shown, or 
they can be selectively opened up to disconnect the corresponding AND output 
from the OR gate. For example, if links 1, 2 and 3 are opened, only AND gate 4 
will be connected, and the OR output will be X = AB; if links 1 and 4 are opened, 
the output will be X= AB + AB. 


Figure 4-40 Simplified example of a programmable logic device. 


Programmable Logic Device (PLD) 


Programming Inputs 


*This section may be skipped without any loss of continuity. 
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In this way, we can implement any two-variable sum-of-products expression 
by opening up the appropriate links. The PLD chip comes with all the links intact, 
and they are all inside the IC. How, then, do we this? Well, that’s the trick we'll 
have to find out about later. For now let’s just say that the PLD has programming 
inputs (represented as a large arrow in the diagram) that we can use to somehow 
selectively open up the links that will implement the particular logic function we 
want. This is called programming the PLD. The programming inputs are used only 
during the programming process to configure the chip’s internal connections. 
Once this has been done, the PLD has been programmed to perform the desired 
logic operation on the data inputs A and B, and is ready to be used for that pur- 
pose. 

Stay tuned for more exciting details on programmable logic. 


REVIEW QUESTIONS 


1. What will be the PLD's output f function if links L and 2i in » Figure n 40 are 
opened? 


2. What will it be if all links are left He 


PROBLEMS 


SECTIONS 4-2 AND 4-3 


4-1. Simplify the following expressions using Boolean algebra. 
(a) x= ABC + AC 
(Dy y= lO RQ. + R) 
(c) w= ABC+ ABC+A 
(dy @= RST (RE S+T) 


(e) x= ABC + ABC + ABC+ ABC + ABC 
(ff) z2z=(Bt+ CYB + CA BTS 
(s) y=(C+ D)+ ACD + ABC + ABCD + ACD 

4-2. Simplify the circuit of Figure 4-41 using Boolean algebra. 

4-3. Change each gate in Problem 4-2 to a NOR gate and simplify the circuit 
using Boolean algebra. 

SECTION 4-4 

4-4, Design the logic circuit corresponding to the truth table shown in Table 
4-8, 

4-5. Design a logic circuit whose output is HIGH only when a majority of in- 
puts A, B, and Care LOW. 


4-6. Three photocells are being illuminated by three different flashing lights. 
The lights are supposed to be flashing in sequence so that at no time 
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Figure 4-41 


4-8. 


Table 4-8 


should all three lights be on at the same time or off at the same time. Each 
photocell is used to monitor one of the lights, and each photocell is in a 
circuit that produces a LOW output voltage when the photocell is dark 
and a HIGH output voltage when the photocell is illuminated. Design a 
logic circuit that has as its inputs the photocell circuit outputs and which 
produces a HIGH output whenever the three lights are a// on or all off at 
the same time. 


. A 4-bit binary number is represented as A3 Az A; Ao, Where A3, A2, Ai, and 


Ao represent the individual bits with Ao equal to the LSB. Design a logic 
circuit that will produce a HIGH output whenever the binary number is 
greater than 0010 and less than 1000. 

Figure 4-42 shows a diagram for an automobile alarm circuit used to de- 
tect certain undesirable conditions. The three switches are used to indicate 
the status of the door by the driver’s seat, the ignition, and the headlights, 
respectively. Design the logic circuit with these three switches as inputs so 
that the alarm will be activated whenever either of the following condi- 
tions exists: 


m The headlights are on while the ignition is off. 
m The door is open while the ignition is on. 
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+5V 


Open l 


Closed 


+5 V 


on 


OFF 


+5 V 


ond 


OFF 


Figure 4-42 


4-9. Implement the circuit of Problem 4-4 using all NAND gates. 
4-10. Implement the circuit of Problem 4-5 using all NAND gates. 


Door 


Ignition 


Lights 


Logic 
circuit 


Alarm 


+5 V 


4-11. Implement the expression z= D + ABC + AC using ANDs, ORs, and IN- 
VERTERs; then convert to all NAND gates. 


SECTION 4-5 


4-12. Simplify the expression of Problem 4-1(e) using the K map. 
4-13. Simplify the expression of Problem 4-1(g) using the K map. 
4-14. Simplify the expression from Problem 4-7 using a K map. 


4-15. Determine the minimum expression for each K map in Figure 4-43. For 


the map in (a), pay particular attention to step 5. 


CD CD 


Figure 4-43 


4-16. Figure 4-44 shows a BCD counter that produces a 4-bit output represent- 
ing the BCD code for the number of pulses that have been applied to the 
counter input. For example, after four pulses have occurred, the counter 
outputs are DCBA = 01002 = 410. The counter resets to 0000 on the tenth 
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(MSB) 


ie _ 
circuit 


HIGH only when 
DCBA = 210: 3140 Or 949 


C 
BCD 
counter Em 
A 


Figure 4-44 


pulse and starts counting over again. In other words, the DCBA outputs 
will never represent a number greater than 10012 = 910. Design the logic 
circuit that produces a HIGH output whenever the count is 2, 3, or 9. Use 
K mapping and take advantage of the “don’t care” conditions. 


4-17. Figure 4-45 shows four switches that are part of the control circuitry in a 
copy machine. The switches are at various points along the path of the 
copy paper as the paper passes through the machine. Each switch is nor- 
mally open, and as the paper passes over a switch, the switch closes. It is 
impossible for switches S$; and S; to be closed at the same time. Design 
the logic circuit to produce a HIGH output whenever fwo or more 
switches are closed at the same time. Use K mapping and take advantage 
of the “don’t care” conditions. 


+5 V 

S1 
SZ 

ocie HIGH whenever 

ere two or more switches 
93 are closed* 
SA *S1 and S4 will never 

be closed at the same time 
Figure 4-45 
SECTION 4-6 


4-18. (a) Determine the output waveform for the circuit of Figure 4-46. 
(b) Repeat with the B input held LOW. 
(c) Repeat with B held HIGH. 


PLL A Figure 4-46 
0 | | | 
| | | | 
Time ———> x 
Ltt 
LE 


154 = CHAPTER 4 / COMBINATIONAL LOGIC CIRCUITS 


4-19. Determine the input conditions needed to produce x = 1 in Figure 4-47. 


Figure 4-47 


4-20. Redo Problem 4-6 using EX-OR or EX-NOR gates and one other gate. 
wt 4-21. Figure 4-48 represents a relative-magnitude detector that takes two 3-bit 


ALS binary numbers 22.12% and y2.¥1% and determines whether they are equal 
and, if not, which one is larger. There are three outputs, defined as fol- 
lows: 


1. M = 1 only if the two input numbers are equal. 

2. N= 1 only if x221X% is greater than y21 yo. 

3. P= 1 only if 291 is greater than x20. 
Design the logic circuitry for this detector. The circuit has six inputs and 
three outputs and is therefore much too complex to handle using the 


truth-table approach. Refer to Example 4-16 as a hint to how you might 
start to solve this problem. 


Binary X9 
number < x, 


x Xo Relative 
magnitude 
Binary V9 detector 
number 4 yy 
y Yo > 
LSB 
Figure 4-48 


MORE DESIGN PROBLEMS 


ws 4-22. Figure 4-49 represents a multiplier circuit that takes 2-bit binary numbers 
aS xx and yi yo and produces an output binary number 23222120 that is 
equal to the arithmetic product of the two input numbers. Design the logic 
circuit for the multiplier. (int: The logic circuit will have four inputs and 


four outputs.) 


MSB Figure 4-49 
“0 Top Multiplier Zp 
circuit 
Y1 “1 
Z 
%0 TSB LiSsB. 
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4-23. 


4-24. 


4-25. 


4-26. 


A BCD code is being transmitted to a remote receiver. The bits are A3, Ao, 
Ai, Ao with A3 as the MSB. The receiver circuitry includes a BCD error-de- 
tector circuit that examines the received code to see if it is a legal BCD 
code (i.e., $1001). Design this circuit to produce a HIGH for any error 
condition. 


Design a logic circuit whose output is HIGH whenever A and B are both 
HIGH as long as Cand D are either both LOW or both HIGH. Try to do 
this without using a truth table. Then check your result by constructing a 
truth table for your circuit to see if it agrees with the problem statement. 


Four large tanks at a chemical plant contain different liquids being heated. 
Liquid-level sensors are being used to detect whenever the level in tank A 
or tank B rises above a predetermined level. Temperature sensors in tanks 
Cand D detect when the temperature in either of these tanks drops below 
a prescribed temperature limit. Assume that the liquid-level sensor outputs 
A and Bare LOW when the level is satisfactory and HIGH when the level 
is too high. Also, the temperature-sensor outputs C and D are LOW when 
the temperature is satisfactory and HIGH when the temperature is too 
low. Design a logic circuit that will detect whenever the level in tank A or 
tank B is too high at the same time that the temperature in either tank C 
or tank D is too low. 


Figure 4-50 shows the intersection of a main highway with a secondary 
access road. Vehicle-detection sensors are placed along lanes C and D 
(main road) and lanes A and B (access road). These sensor outputs are 
LOW (0) when no vehicle is present and HIGH (1) when a vehicle is pre- 
sent. The intersection traffic light is to be controlled according to the fol- 
lowing logic. 


Figure 4-50 
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1. The east-west (E-W) traffic light will be green whenever both lanes C 
and D are occupied. 

2. The E-W light will be green whenever either C or D is occupied but 
lanes A and Bare not both occupied. 

3. The north-south (N-S) light will be green whenever both lanes A and 
Bare occupied but Cand Dare not both occupied. 

4. The N-S light will also be green when either A or B is occupied while 
Cand D are both vacant. 


5. The E-W light will be green when no vehicles are present. 


Using the sensor outputs A, B, C, and Das inputs, design a logic circuit to 
control the traffic light. There should be two outputs, N-S and E-W, which 
go HIGH when the corresponding light is to be green. Simplify the circuit 
as much as possible and show all steps. 


SECTION 4-7 


4-27. 


4-28. 


Redesign the parity generator and checker of Figure 4-24 to operate using 
odd parity. (Hint: What is the relationship between an odd-parity bit and 
an even-parity bit for the same set of data bits?) 


Redesign the parity generator and checker of Figure 4-24 to operate on 8 
data bits. 


SECTION 4-8 


4-29. 


4-30. 


4-31. 


4-32. 


Ay 


Ao 


4-33. 


Design a logic circuit that will allow input signal A to pass through to the 
output only when control input B is LOW while control input C' is HIGH; 
otherwise, the output is LOW. 

Design a circuit that will inhibit the passage of an input signal only when 
control inputs B, C, and D are all HIGH; the output is to be HIGH in the 
inhibited condition. 

Design a logic circuit that controls the passage of a signal A according to 
the following requirements: 


1. Output X will equal A when control inputs Band C'are the same. 
2. X will remain HIGH when Band Care different. 


Design a logic circuit that has two signal inputs A; and Ap and a control 
input S so that it functions according to the requirements given in Figure 
4-51. This type of circuit is called a multiplexer (covered in Chapter 9). 


Multiplexer | 


Figure 4-51 


Use K mapping to design a circuit to meet the requirements of Example 
4-16. Compare this circuit with the solution in Figure 4-22. This points out 
that the K-map method cannot take advantage of the EX-OR and EX-NOR 
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gate logic. The designer has to be able to determine when these gates are 
applicable. 


SECTIONS 4-9 TO 4-13 


4 4-34." 


4 4-35. 


4 4-36. 
4 4-37. 
4 4-38. 


4 4-39. 


(a) A technician testing a logic circuit sees that the output of a particular 
INVERTER is stuck LOW while its input is pulsing. List as many possi- 
ble reasons as you can for this faulty operation. 

(b) Repeat part (a) for the case where the INVERTER output is stuck at 
an indeterminate logic level. 


The signals shown in Figure 4-52 are applied to the inputs of the circuit of 

Figure 4-31. Suppose that there is an internal open circuit at Z1-4. 

(a) What will a logic probe indicate at Z1-4? 

(b) What dc voltage reading would you expect a VOM to register at Z1-4? 
(Remember that the ICs are TTL.) 

(c) Sketch what you think the CL KOUT and SHIFTOUT signals will look 
like. 

(d) Instead of the open at Z1-4, suppose that pins 9 and 10 of Z2 are 
internally shorted. Sketch the probable signals at Z2-10, CLOCKOUT, 
and SHIFTOUT. 


| | 

| | 

| 

| | 

| | 

SHIFT | | 


Figure 4-52 


Assume that the ICs in Figure 4-31 are CMOS. Describe how the circuit 
operation would be affected by an open circuit in the conductor connect- 
ing Z2-2 and Z2-10. 

In Example 4-24 we listed three possible faults for the situation of Figure 
4-34. What procedure would you follow to determine which of the faults 
is the actual one? 

Refer to the circuit of Figure 4-36. Assume that the devices are CMOS. Also 
assume that the logic probe indication at Z2-3 is “indeterminate” rather 
than “pulsing.” List the possible faults and write a procedure to follow to 
determine the actual fault. 

Refer to the logic circuit of Figure 4-39. Recall that output Y is supposed to 
be HIGH for either of the following conditions: 


1. A= 1, B= 0, regardless of C 
2,.A=0,B=1,C=1 


*The logic probe to the left indicates a troubleshooting problem throughout the book. 
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4 4-40. 
4 4-41. 


4 4-42. 


When testing the circuit, the technician observes that Y goes HIGH only 
for the first condition, but stays LOW for all other input conditions. Con- 
sider the following list of possible faults. For each one indicate “yes” or 
“no” as to whether or not it could be the actual fault. Explain your reason- 
ing for each “no” response. 

(a) An internal short to ground at Z2-13. 

(b) An open circuit in the connection to Z2-13. 

(c) An internal short to Vec at Z2-11. 

(d) An open circuit in the Vec connection to Z2. 

(e) An internal open circuit at Z2-9. 

(f) An open in the connection from Z2-11 to Z2-9. 

(g) A solder bridge between pins 6 and 7 of 22. 

Develop a procedure for isolating the fault that is causing the malfunction 
described in Problem 4-39. 

Assume that the gates in Figure 4-39 are all CMOS. When the technician 
tests the circuit he finds that it operates correctly except for the following 
conditions: 


1. A=1,B=0,C=0 
2. A=0,B=1,C=1 


For these conditions, the logic probe indicates indeterminate levels at 
Z2-6, Z2-11, and Z2-8. What do you think is the probable fault in the cir- 
cuit? Explain your reasoning. 


Figure 4-53 is a combinational logic circuit that operates an alarm in a car 
whenever the driver and/or passenger seats are occupied and the seat 
belts are not fastened when the car is started. The active-HIGH signals 
DRIV and PASS indicate the presence of the driver and passenger, respec- 
tively, and are taken from pressure-actuated switches in the seats. The sig- 
nal IGN is active-HIGH when the ignition switch is on. The signal BELTD 
is active-LOW and indicates that the driver’s seat belt is unfastened; BELTP 
is the corresponding signal for the passenger seat belt. The alarm will be 
activated (LOW) whenever the car is started and either of the front seats is 
occupied and its seat belt is not fastened. 


Figure 4-53 


IGN +5V 


BELTD 


PASS 


2 B 4 
“ 
+5 V 4 Z1: 7404 
° 74 
14 _ 79 O Z2 00 
& 
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(a) Verify that the circuit will function as described. 

(b) Describe how this alarm system would operate if Z1-2 were internally 
shorted to ground. 

(c) Describe how it would operate if there were an open connection 
from Z2-6 to Z2-10. 


443. Suppose the system of Figure 4-53 is functioning in such a way that the 
alarm is activated as soon as the driver and/or passenger are seated and 
the car is started, regardless of the status of the seat belts. What are the 
possible faults? What procedure would you follow to find the actual fault? 


4 4-44, Suppose the alarm system of Figure 4-53 is operating in such a way that 
the alarm goes on continuously as soon as the car is started regardless of 
the state of the other inputs. List the possible faults and write a procedure 
to isolate the fault. 


DRILL QUESTION 


4-45. Define each of the following terms. 
(a) Karnaugh map 
(b) Sum-of-products form 
(c) Parity generator 
(d) Octet 
(e) Inhibit circuit 
(f) “Don’t care” state 
(g) Floating input 
(h) Indeterminate voltage level 


MICROCOMPUTER APPLICATIONS 


WX. 4-46. In a microcomputer, the microprocessor unit (MPU) is always communi- 


AWN cating with one of the following: (1) random-access memory (RAM), 
which stores programs and data that can be readily changed; (2) read-only 
memory (ROM), which stores programs and data that never change; (3) 
external input/output devices C/O) such as keyboard, video displays, 
printers, and disk drives. As it is executing a program, the MPU will gener- 
ate an address code that selects which type of device (RAM, ROM, or I/O) 
it wants to communicate with. Figure 4-54 shows a typical arrangement 
where the MPU outputs an 8-bit address code Ais through As. Actually, 


the MPU outputs a 16-bit address code, but the low-order bits Az through 
RAM 


/0 


ROM 


Figure 4-54 


160 = CHAPTER 4 / COMBINATIONAL LOGIC CIRCUITS 


Ao are not used in the device selection process. The address code is ap- 
plied to a logic circuit which uses it to generate the device select signals: 
RAM, ROM, and I/O. 

Analyze this circuit and determine the following. 
(a) The range of addresses A); through Ag that will activate RAM 
(b) The range of addresses that activate I/O 
(c) The range of addresses that activate ROM 


Express the addresses in binary and hexadecimal. For example, the an- 
swer to (a) is Ais to Ag = O000000002 to 111011112 = 0016 to EF yo. 


In some microcomputers the MPU can be disabled for short periods of 
time while another device controls the RAM, ROM, and I/O. During these 
intervals a special control signal (DMA) is activated by the MPU and is 
used to disable (deactivate) the device select logic so that the RAM, ROM, 
and I/O are all in their inactive state. Modify the circuit of Figure 4-54 so 
that RAM, ROM, and I/O will be deactivated whenever the signal DMA is 


active, regardless of the state of the address code. 


ANSWERS TO SECTION REVIEW QUESTIONS 


SECTION 4-1 
1. Only (a) 2. Only (c) 
SECTION 4-3 


1. Expression (b) is not in sum-of- 
products form, because of the inversion 
sign over both the C’and D variables (.e., 
the ACD term). Expression (c) is not in 
sum-of-products form, because of the _ 
(M+ N )P term. 3,x=At+Bt+C 


SECTION 4-4 

1. x= ABCD+ ABCD + ABCD 
2. Eight 

SECTION 4-5 


1. x= AB+ AC + BC 2. x= A+ BCD 
3. An input condition for which there is 
no specific required output condition. 


SECTION 4-6 


2. A constant LOW 3. No, the 
available EX-OR gate can be used as an 
INVERTER by connecting one of its inputs 
to a constant HIGH (see Example 4-15). 


SECTION 4-8 


1. x=ABOC) 2. OR, NAND 
3. NAND, NOR 


SECTION 4-9 


1. DIP 2. SSI, MSI, LSI, VLSI, ULSI 

3. True 4. True 5. 40 or 140 
series 6. 0OVto08V; 2.0Vto5.0V 
7x OV 10°'L9-V; 3.5 -V 103,00 V 8. As if 
the input were HIGH 

9. Unpredictably; may overheat and be 
destroyed 


SECTION 4-11 


1. Open inputs or outputs; inputs or 
outputs shorted to Vcc; inputs or outputs 
shorted to ground; pins shorted together; 
internal circuit failures 2. Pins shorted 
together 


SECTION 4-12 


1. Open signal lines; shorted signal lines; 
faulty power supply 2. Broken wires; 
poor solder connections; cracks or cuts in 
PC board; bent or broken IC pins; faulty 
IC sockets 3. ICs operating erratically 
or not at all 


SECTION 4-14 


1x=8 2x=1 
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Serial Data Transfer: Shift 
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Schmitt-Trigger Devices 


One-Shot (Monostable 
Multivibrator) 
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5-26 


Troubleshooting Flip-Flop 
Circuits 


Flip-Flop Summary 


Upon completion of this chapter, you will be able to: 
m Construct and analyze the operation of a latch flip-flop made from 
NAND or NOR gates. 
m Debounce a mechanical switch by using a latch circuit. 


m Describe the difference between synchronous and asynchronous sys- 
tems. 


m Understand several types of edge-triggered flip-flops, such as the J-K, 
D-type, and S-C. 


m Analyze and apply the various flip-flop timing parameters specified by 
the manufacturers. 


m@ Describe a pulse-steering and an edge-detector circuit. 


@ Understand the major differences between parallel and serial data trans- 
fers. 


m@ Draw the output timing waveforms of several types of flip-flops in re- 
sponse to a set of input signals. 


m Explain the various IEEE/ANSI flip-flop symbols. 

m Use state transition diagrams to describe counter operation. 

m Cite various flip-flop applications. 

m Use flip-flops in synchronization circuits. 

m Connect shift registers as data transfer circuits. 

@ Employ flip-flops as frequency-division and counting circuits. 

m Understand the typical characteristics of Schmitt triggers. 

m Apply two different types of one-shots in circuit design. 

m Design a free-running oscillator using a 555 timer. 

m Recognize and predict the effects of clock skew on synchronous circuits. 


@ Troubleshoot various types of flip-flop circuits. 


163 


INTRODU 


164 


The logic circuits considered thus far have been combinational circuits whose out- 
put levels at any instant of time are dependent on the levels present at the inputs 
at that time. Any prior input-level conditions have no effect on the present outputs 
because combinational logic circuits have no memory. Most digital systems are 
made up of both combinational circuits and memory elements. 

Figure 5-1 shows a block diagram of a general digital system that combines 
combinational logic gates with memory devices. The combinational portion ac- 
cepts logic signals from external inputs and from the outputs of the memory ele- 
ments. The combinational circuit operates on these inputs to produce various out- 
puts, some of which are used to determine the binary values to be stored in the 
memory elements. The outputs of some of the memory elements, in turn, go to 
the inputs of logic gates in the combinational circuits. This process indicates that 
the external outputs of a digital system are a function of both its external inputs 
and the information stored in its memory elements. 

The most important memory element is the flip-flop, which is made up of an 
assembly of logic gates. Even though a logic gate, by itself, has no storage capabil- 
ity, several can be connected together in ways that permit information to be 
stored. There are several different gate arrangements that are used to produce 
these flip-flops (abbreviated FF). 

Figure 5-2(a) is the general type of symbol used for a flip-flop. It shows two 
outputs, labeled QO and O, that are the inverse of each other. Actually, any letter 
can be used, but Q is the one most often used. The Q output is called the normal 
FF output, and OQ is the inverted FF output. Whenever we refer to the state of a FF, 
we are referring to the state of its normal (Q) output; it is understood that its in- 
verted output (Q) is in the opposite state. For example, if we say that a FF is in 
the HIGH (1) state, we mean that O = 1; if we say that a FF is in the LOW (0) 
state, we mean that Q = 0. Of course, the QO state will always be the inverse of O. 


Figure 5-1 General digital system diagram. 


Combinational 
outputs Memory outputs 


Combinational 


Memory 


logic elements 


gates 


External inputs 
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Output states 


Normal output Q=1, Q=0: called HIGH or 1 
state; also called SET state 


Inputs 


Inverted output Q=0,Q=1: called LOW or O state; 
also called CLEAR or 
RESET state 


(b) 


Figure 5-2. General flip-flop symbol and definition of two possible output states. 


A FF, then, has the two allowed operating states indicated in Figure 5-2(b). 
Note the different ways that are used to refer to these two states. You should be- 
come familiar with each of these since they are all in common use. 

As the symbol in Figure 5-2(a) implies, a FF can have one or more inputs. 
These inputs are used to cause the FF to switch back and forth (“flip-flop”) be- 
tween its possible output states. As we shall see, a FF input only has to be pulsed 
momentarily to cause a change in the FF output state, and the output will remain 
in that new state even after the input pulse is over. This is the FF’s memory charac- 
teristic. 

The flip-flop is known by other names, including latch and bistable mutltivi- 
brator. The term /atch is used for certain types of flip-flops that we will describe. 
The term bistable multivibrator is the more technical name for a flip-flop, but it is 
too much of a mouthful to be used regularly. 


5-1 NAND GATE LATCH 


The most basic FF circuit can be constructed from either two NAND gates or two 
NOR gates. The NAND gate version, called a NAND gate latch or simply a latch, is 
shown in Figure 5-3(a). The two NAND gates are cross-coupled so that the output 
of NAND-1 is connected to one of the inputs of NAND-2, and vice versa. The gate 
outputs, labeled O and Q, respectively, are the latch outputs. Under normal condi- 


Figure 5-3. NAND latch has two possible resting states when SET = CLEAR = 1. 


SET 


CLEAR 
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tions, these outputs will always be the inverse of each other. There are two latch 
inputs: the SET input is the input that sets OQ to the 1 state; the CLEAR input is the 
input that clears QO to the 0 state. 

The SET and CLEAR inputs are both normally resting in the HIGH state and 
one of them will be pulsed LOW whenever we want to change the latch outputs. 
We begin our analysis by showing that there are two equally likely output states 
when SET = CLEAR = 1. One possibility is shown in Figure 5-3(a), where we 
have O = 0 and O = 1. With Q = 0, the inputs to NAND-2 are 0 and 1, which 
produce OQ = 1. The 1 from OQ causes NAND-1 to have a 1 at both inputs to pro- 
duce a 0 output at O. In effect, what we have is the LOW at the NAND-1 output 
producing a HIGH at the NAND-2 output, which, in turn, keeps the NAND-1 out- 
put LOW. 

The second possibility is shown in Figure 5-3(b), where O = 1 and QO = 0. 
The HIGH from NAND-1 produces a LOW at the NAND-2 output, which, in turn, 
keeps the NAND-1 output HIGH. Thus, there are two possible output states when 
SET = CLEAR = 1; as we shall soon see, the one that actually exists will depend 
on what has occurred previously at the inputs. 


Setting the Latch (FF) Now let’s investigate what happens when the SET 
input is momentarily pulsed LOW while CLEAR is kept HIGH. Figure 5-4(a) shows 
what happens when O = 0 prior to the occurrence of the pulse. As SET is pulsed 
LOW at time &, O will go HIGH, and this HIGH will force O to go LOW so that 
NAND-1 now has two LOW inputs. Thus, when SET returns to the 1 state at 4, the 
NAND-1 output remains HIGH, which, in turn, keeps the NAND-2 output LOW. 

Figure 5-4(b) shows what happens when QO = 1 and Q = 0 prior to the ap- 
plication of the SET pulse. Since Q = 0 is already keeping the NAND-1 output 
HIGH, the LOW pulse at SET will not change anything. Thus, when SET returns 
HIGH, the latch outputs are still in the O = 1, O = 0 state. 

We can summarize Figure 5-4 by stating that a LOW pulse on the SET input 
will always cause the latch to end up in the Q = 1 state. This operation is called 
setting the latch or FF. In fact, the O = 1 state is also called the set state. 


Figure 5-4 Pulsing the SET input to the 0 state will always produce the Q = 1, O = 0: output 
state (a) O = O prior to SET pulse; (b) Q = 1 prior to SET pulse. 
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Clearing the Latch (FEF) Now let’s consider what occurs when the 
CLEAR input is pulsed LOW while SET is kept HIGH. Figure 5-5(a) shows what 
happens when OQ = 0 and O = 1 prior to the application of the pulse. Since Q = 
0 is already keeping the NAND-2 output HIGH, the LOW pulse at CLEAR will not 
have any effect. When CLEAR returns HIGH, the latch outputs are still OQ = 0 and 
= 4, 

Figure 5-5(b) shows the situation where Q = 1 prior to the occurrence of the 
CLEAR pulse. As CLEAR is pulsed LOW at &, O will go HIGH, and this HIGH 
forces O to go LOW so that NAND-2 now has two LOW inputs. Thus, when 
CLEAR returns HIGH at 4, the NAND-2 output remains HIGH, which, in turn, 
keeps the NAND-1 output LOW. 

Figure 5-5 can be summarized by stating that a LOW pulse on the CLEAR 
input will always cause the latch to end up in the Q = 0 state. This operation is 
called clearing or resetting the latch, and the O = 0 state is also called the 
cleared or reset state. 


Simultaneous Setting and Clearing The last case to consider is the 
case where the SET and CLEAR inputs are simultaneously pulsed LOW. This will 


produce HIGH levels at both NAND outputs so that O = QO = 1. Clearly, this is an 


Figure 5-5 Pulsing the CLEAR input to the LOW 
state will always produce O = 0, O = 1: (a) O=0 
prior to CLEAR pulse; (b) O = 1 prior to CLEAR 
pulse. 
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a Q 


*produces QO = Q=1 


Ol 


CLEAR (b) 


(a) 
Figure 5-6 (a) NAND latch; (b) truth table. 


undesired condition, since the two outputs are supposed to be inverses of each 
other. Furthermore, when the SET and CLEAR inputs return HIGH, the resulting 
output state will depend on which input returns HIGH first. Simultaneous transi- 
tions back to the 1 state will produce unpredictable results. For these reasons the 
SET = CLEAR = 0 condition is normally not used for the NAND latch. 


Summary of NAND Latch — The operation described above can be conve- 
niently placed in a truth table (Figure 5-6) and is summarized as follows: 


1. SET = CLEAR = 1. This condition is the normal resting state and it has no 
effect on the output state. The Q and QO outputs will remain in whatever state 
they were prior to this input condition. 


2. SET = 0, CLEAR = 1. This will always cause the output to go to the O = 1 
state, where it will remain even after SET returns HIGH. This is called setting 
the latch. 


3. SET = 1, CLEAR = 0. This will always produce the Q = 0 state, where the 
output will remain even after CLEAR returns HIGH. This is called clearing or 
resetting the latch. 


4. SET = CLEAR = 0. This condition tries to set and clear the latch at the same 
time and can produce ambiguous results. It should not be used. 


Alternate Representations — From the description of the NAND latch op- 
eration, it should be clear that the SET and CLEAR inputs are active-LOW. The SET 
input will set OQ = 1 when SET goes LOW; the CLEAR input will clear Q = 0 when 
CLEAR goes LOW. For this reason, the NAND latch is often drawn using the alter- 
nate representation for each NAND gate, as shown in Figure 5-7(a). The bubbles 
on the inputs as well as the labeling of the signals as SET and CLEAR indicate the 
active-LOW status of these inputs. 

Figure 5-7(b) shows a simplified block representation that we will sometimes 
use. The Sand C labels represent the SET and CLEAR inputs, and the bubbles indi- 
cate the active-LOW nature of these inputs. Whenever we use this block symbol, it 
represents a NAND latch. 


Terminology The action of clearing a FF or a latch is also called resetting, 
and both terms are used interchangeably in the digital field. In fact, a CLEAR input 
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SET ) 


O| 


CLEAR 
(a) (b) 


Figure 5-7 (a) NAND latch equivalent representation; (b) 
simplified block symbol. 


can also be called a RESET input, and a SET-CLEAR latch can be called a SET- 
RESET latch. 


EXAMPLE D-1 


The waveforms of Figure 5-8 are applied to the inputs of a NAND gate latch. As- 
sume that initially Q = 0, and determine the Q waveform. 


Figure 5-8 Example 5-1. 


solution 


Initially, SET = CLEAR = 1 so that Q will remain in the 0 state. The LOW pulse 
that occurs on the CLEAR input at time 7 will have no effect, since Q is already in 
the cleared (QO) state. 

The only way that Q can go to the 1 state is by a LOW pulse on the SET 
input. This occurs at time 7 when SET first goes LOW. When SET returns HIGH at 
73, QO will remain in its new HIGH state. 

At time 7; when SET goes LOW again, there will be no effect on O because 
QO is already set to the 1 state. 

The only way to bring O back to the 0 state is by a LOW pulse on the CLEAR 
input. This occurs at time 75. When CLEAR returns to 1 at time 7%, Q remains in 
the LOW state. 

This example shows that the latch output “remembers” the last input that was 
activated and will not change states until the opposite input is activated. 
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EXAMPLE 5-2 


It is virtually impossible to obtain a “clean” voltage transition from a mechanical 
switch, because of the phenomenon of contact bounce. This is illustrated in Fig- 
ure 5-9(a), where the action of moving the switch from contact position 1 to 2 pro- 
duces several output voltage transitions as the switch bounces (makes and breaks 
contact with contact 2 several times) before coming to rest on contact 2. 

The multiple transitions on the output signal generally last no longer than a 
few milliseconds, but they would be unacceptable in many applications. A NAND 
latch can be used to prevent the presence of switch bounce from affecting the out- 
put. Describe the operation of the “switch debouncing” circuit in Figure 5-9(b). 


+5V | 
Random "bouncing" 
2 - 
OUT | 
| a OV 
| Switch 
| comes to rest 
Switch to in position 2 
1 position 2 


| | 
Switch to Switch back to 
position 2 position 1 


+5V 


(b) 


Figure 5-9 (a) Mechanical contact bounce will produce multiple 
transitions; (b) NAND latch used to debounce a mechanical switch. 


Solution 


Assume that the switch is resting in position 1 so that the CLEAR input is LOW and 
QO = 0. When the switch is moved to position 2, CLEAR will go HIGH, and a LOW 
will appear on the SET input as the switch first makes contact. This will set Q = 1 
within a matter of a few nanoseconds (the response time of the NAND gate). Now 
if the switch bounces off contact 2, SET and CLEAR will both be HIGH, and OQ will 
not be affected; it will stay HIGH. Thus, nothing will happen at O as the switch 
bounces on and off contact 2 before finally coming to rest in position 2. 

Likewise, when the switch is moved from position 2 back to position 1, it 
will place a LOW on the CLEAR input as it first makes contact. This clears Q to the 
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LOW state, where it will remain even if the switch bounces on and off contact 1 
several times before coming to rest. 

Thus, the output at Q will consist of a single transition each time the switch 
is moved from one position to the other. 


REVIEW QUESTIONS 


1. What is the normal resting state of the SET and CLEAR inputs? What is the | 
active state of each input? _ 


2. What will be the states of Q and O after a FF has been cleared (reset)? 
3. True or false: The SET input can never be used to make Q = 0. 
4. When power is first applied to any FF circuit, it is impossible to prcdine 


the initial states of Q and Q. What could be done to ensure that a NAND 
i — started ot in 1 the —- = 1 state? 


0-2 NOR GATE LATCH 


Two cross-coupled NOR gates can be used as a NOR gate latch. The arrangement, 
shown in Figure 5-10(a), is similar to the NAND latch except that the Q and O out- 
puts have reversed positions. 

The analysis of the operation of the NOR latch can be performed in exactly 
the same manner as for the NAND latch. The results are given in the truth table in 
Figure 5-10(b) and are summarized as follows: 


1. SET = CLEAR = 0. This is the normal resting state for the NOR latch and it 
has no effect on the output state. Q and Q will remain in whatever state they 
were prior to the occurrence of this input condition. 


Figure 5-10 (a) NOR gate latch; (b) truth table; (c) simplified 
block symbol. 
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2. SET = 1, CLEAR = 0. This will always set O = 1, where it will remain even 
after SET returns to 0. 

3. SET = 0, CLEAR = 1. This will always clear QO = 0, where it will remain 
even after CLEAR returns to 0. 

4. SET = 1, CLEAR = 1. This condition tries to set and clear the latch at the 
same time, and it produces Q = O = O. If the inputs are returned to 0 simul- 
taneously, the resulting output state is unpredictable. This input condition 
should not be used. 


The NOR gate latch operates exactly like the NAND latch except that the SET 
and CLEAR inputs are active-HIGH rather than active-LOW, and the normal resting 
state is SET = CLEAR = 0. Q will be set HIGH by a HIGH pulse on the SET input, 
and it will be cleared LOW by a HIGH pulse on the CLEAR input. The simplified 
block symbol for the NOR latch in Figure 5-10(c) is shown with no bubbles on the 
Sand C inputs; this indicates that these inputs are active-HIGH. 


EXAMPLE D-3 


Assume that Q = 0 initially, and determine the Q waveform for the NOR latch in- 
puts of Figure 5-11. 


| | | | 
Ty To Te Ty Ts Ts 


Figure 5-11 Example 5-3. 


Solution 


Initially, SET = CLEAR = 0, which has no effect on Q, and QO stays LOW. When 
SET goes HIGH at time 71, Q will be set to 1 and will remain there even after SET 
returns to 0 at 7. 

At 7% the CLEAR input goes HIGH and clears Q to the 0 state, where it re- 
mains even after CLEAR returns LOW at 74. 

The CLEAR pulse at 75 has no effect on QO, since QO is already LOW. The SET 
pulse at 76 again sets Q back to 1, where it will stay. 

This example shows that the FF “remembers” the last input that was acti- 
vated, and it will not change states until the opposite input is activated. 
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EXAMPLE D-4 


Figure 5-12 shows a simple circuit that can be used to detect the interruption of a 
light beam. The light is focused on a phototransistor that is connected in the com- 
mon-emitter configuration to operate as a switch. Assume that the latch has previ- 
ously been cleared to the 0 state by momentarily opening switch S; and describe 
what happens if the light beam is momentarily interrupted. 


+5 V 


Figure 5-12 Example 5-4. 


Solution 


With light on the phototransistor, we can assume that it is fully conducting so that 
the resistance between the collector and emitter is very small. Thus, uv will be 
close to 0 V. This places a LOW on the SET input of the latch so that SET = 
CLEAR = 0. 

When the light beam is interrupted, the phototransistor turns off and its col- 
lector-emitter resistance becomes very high (.e., essentially an open circuit). This 
causes UW to rise to approximately 5 V; this activates the SET input and turns on the 
alarm. 

Now, the alarm will remain on because QO will remain HIGH even if the light 
beam was only interrupted momentarily, and uw goes back to 0 V. The alarm can 
be turned off only by momentarily opening S; to produce a HIGH on the CLEAR 
input. 

In this application, the latch’s memory characteristic is used to convert a mo- 
mentary occurrence (beam interruption) into a constant output. 


Flip-Flop State on Power-Up When power is applied to a circuit, it is 
not possible to predict the starting state of a flip-flop’s output if its SET and CLEAR 
inputs are in their inactive state (e.g., S = C = 1 fora NAND latch, S = C= 0 fora 
NOR latch). There is just as much chance that the starting state will be a O = 0 as 
O = 1. It will depend on things like internal propagation delays, parasitic capaci- 
tance, and external loading. If a latch or FF has to start off in a particular state to 
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ensure the proper operation of a circuit, then it has to be placed in that state by 
momentarily activating the SET or CLEAR input at the start of the circuit’s opera- 
tion. This is often achieved by application of a pulse to the appropriate input. 


REVIEW QUESTIONS 


1. What is the normal resting state of the NOR latch inputs? What is the ac- 
tive state? 


2. When a FF is set, what are the states of Q and Q? 


3. What is the only way to cause the Q output of a NOR latch to change 
from 1 to 0? 


4. If the NOR latch in Figure 5-12 were replaced by a NAND latch, why 
wouldn't the circuit work properly? 


9-3 TROUBLESHOOTING CASE STUDY 


The following two examples will present an illustration of the kinds of reasoning 
used in troubleshooting a circuit containing a latch. 


EXAMPLE D-)D 


Analyze and describe the operation of the circuit in Figure 5-13. 


Figure 5-13. Examples 5-5 and 5-0. 


+5 V 
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solution 


The switch is used to set or clear the NAND latch to produce clean bounce-free 
signals at QO and Q. These latch outputs control the passage of the 1-kHz pulse sig- 
nal through to the AND outputs X4 and Xz. 

When the switch moves to position A, the latch is set to Q = 1. This enables 
the 1-kHz pulses to pass through to X4, while the LOW at O keeps Xz = 0. When 
the switch moves to position B, the latch is cleared to Q = 0, which keeps X4 = 0, 
while the HIGH at O enables the pulses to pass through to Xz. 


EXAMPLE 5-6 


A technician tests the circuit of Figure 5-13 and records the observations shown in 
Table 5-1. He notices that when the switch is in position B the circuit functions 
correctly, but in position A the latch does not set to the Q = 1 state. What are the 
possible faults that could produce this malfunction? 


Table 5-1 
Switch SET CLEAR Q Q X4 Xp 
Position (7411)  #£(Z1-5) (Z1-3) (Z1-6) (Z2-3) (Z2-6) 
A LOW HIGH 10W = HIGH . LOW = Pulses 


Solution 
There are several possibilities: 


1. An internal open connection at Z1-1. This would prevent QO from responding 
to the SET input. 


2. An internal component failure in NAND gate Z1 that prevents it from re- 
sponding properly. 
3. The QO output stuck LOW. This could be caused by: 
(a) Z1-3 internally shorted to ground. 
(b) Z1-4 internally shorted to ground. 
(c) Z2-2 internally shorted to ground. 
(d) The QO node externally shorted to ground. 


An ohmmeter check from QO to ground will determine if any of these condi- 
tions are present. A visual check should reveal any external short. 


What about O internally or externally shorted to Vcc? A little thought will 
lead to the conclusion that this could not be the fault. If O were shorted to Vcc, 
this would not prevent the O output from going HIGH when SET goes LOW. Since 
O does not go HIGH, this cannot be the fault. The reason that O looks as if it is 
stuck HIGH is that QO is stuck LOW and that keeps O HIGH. 
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Positive-going Negative-going 
transition (PGT) transition (NGT) 


(b) 


Figure 5-14 Clock signals. 


9-4 CLOCK SIGNALS AND CLOCKED FLIP-FLOPS 


Digital systems can operate either asynchronously or synchronously. In asyn- 
chronous systems, the outputs of logic circuits can change state any time one or 
more of the inputs change. An asynchronous system is generally more difficult to 
design and troubleshoot than a synchronous system. 

In synchronous systems, the exact times at which any output can change 
states are determined by a signal commonly called the clock. This clock signal is 
generally a rectangular pulse train or square wave as shown in Figure 5-14. The 
clock signal is distributed to all parts of the system, and most Gif not all) of the sys- 
tem outputs can change state only when the clock makes a transition. The transi- 
tions (also called edges) are pointed out in Figure 5-14. When the clock changes 
from a 0 to a 1, this is called the positive-going transition (PGT); when the 
clock goes from 1 to 0, this is the negative-going transition (NGT). We will use 
the abbreviations PGT and NGT, since these terms appear so often throughout the 
text. 

Most digital systems are principally synchronous (although there are always 
some asynchronous parts), since synchronous circuits are easier to design and 
troubleshoot. They are easier to troubleshoot because the circuit outputs can 
change only at specific instants of time. In other words, almost everything is syn- 
chronized to the clock-signal transitions. 

The synchronizing action of the clock signals is accomplished through the 
use of clocked flip-flops that are designed to change states on one or the other of 
the clock’s transitions. 


Clocked Flip-Flops There are several types of clocked FFs that are used in 
a wide range of applications. Before we begin our study of the different clocked 
FFs, we will describe the principal ideas that are common to all of them. 


1. Clocked FFs have a clock input that is typically labeled CLK, CK, or CP. We 
will use CLK, as shown in Figure 5-15. In most clocked FFs the CZK input is 
edge-triggered, which means that it is activated by a signal transition; this is 
indicated by the presence of a small triangle on the CZK input. This contrasts 
with the latches which are level-triggered. 


In Figure 5-15(a) the CLK input is activated only when a positive-going 
transition (PGT) occurs; it is not affected at any other time. In Figure 5-15(b) 
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Figure 5-15. =Clocked FFs have a clock input (CZK ) that is ac- 
tive on either (a) PGT or (b) NGT. The control inputs determine 
the effect of the active clock transition. 


the CLK input is activated only by a negative-going transition (NGT), as sym- 
bolized by the presence of the small bubble. 


2. Clocked FFs also have one or more control inputs that can have various 
names, depending on their operation. The control inputs will have no effect 
on QO until the active clock transition occurs. In other words, their effect is 
synchronous with the signal applied to CZK. For this reason they are called 
synchronous control inputs. 

For example, the control inputs of the FF in Figure 5-15(a) will have no 
effect on Q until the PGT of the clock signal occurs. Likewise, the control in- 
puts in Figure 5-15(b) will have no effect until the NGT of the clock signal 
occurs. 


3. In summary, we can say that the control inputs get the FF outputs ready to 
change, while the active transition at the CZK input actually triggers the 
change. The control inputs control the WHAT (.e., what state the output will 
go to); the CZK input determines the WHEN. 


Setup and Hold Times Two timing requirements must be met if a 
clocked FF is to respond reliably to its control inputs when the active CZK transi- 
tion occurs. These requirements are illustrated in Figure 5-16 for a FF that triggers 
on a PGT. 

The setup time, ts, is the time interval immediately preceding the active 
transition of the CZK signal during which the synchronous input has to be main- 
tained at the proper level. IC manufacturers usually specify the minimum allow- 
able setup time ¢s(min). If this time requirement is not met, the FF may not re- 
spond reliably when the clock edge occurs. 

The hold time, fy, is the time interval immediately following the active tran- 
sition of the CZK signal during which the synchronous input has to be maintained 
at the proper level. IC manufacturers usually specify the minimum acceptable 
value of hold time # (min). If this requirement is not met, the FF will not trigger 
reliably. 

Thus, to ensure that a clocked FF will respond properly when the active 
clock transition occurs, the synchronous inputs must be stable (unchanging) for at 
least a time interval equal to ésGmin) prior to the clock transition, and for at least a 
time interval equal to f4Gmin) after the clock transition. 
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Figure 5-16 Control inputs have to be held stable for (a) a time, &, prior to 
active clock transition and for (b) a time, f4, after the active clock transition. 


IC flip-flops will have minimum allowable ts and f; values in the nanosecond 
range. Setup times are usually in the range 5 to 50 ns while hold times are gener- 
ally from 0 to 10 ns. Notice that these times are measured between the 50 percent 
points on the transitions. 

These timing requirements are very important in synchronous systems, be- 
cause, as we shall see, there will be many situations where the synchronous inputs 
to a FF are changing at approximately the same time as the CZK input. 


REVIEW QUESTIONS 


1. What two types of inputs does a clocked FF have? 
2. What is meant by the term edge-triggered? 


3. True or false: The CLK input will affect the FF output only when the active 
transition of the control input occurs. | 


4. Define the setup time and hold time requirements of a clocked FF. 


9-0  CLOCKED S-C FLIP-FLOP 


Figure 5-17(a) shows the logic symbol for a clocked S-C flip-flop that is triggered by 
the positive-going edge of the clock signal. This means that the FF can change 
states only when a signal applied to its clock input makes a transition from 0 to 1. 
The S and C inputs control the state of the FF in the same manner as described 
earlier for the NOR-gate latch, but the FF does not respond to these inputs until 
the occurrence of the PGT of the clock signal. 

The truth table in Figure 5-17(b) shows how the FF output will respond to 
the PGT at the CZK input for the various combinations of S and C inputs. This 
truth table uses some new nomenclature. The up arrow (1) indicates that a PGT is 
required at CLK, the label Qp indicates the level at Q prior to the PGT. This 
nomenclature is widely used by IC manufacturers on their IC data sheets. 
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Figure 5-17 = (a) Clocked S-C flip-flop that responds only to the positive-going 
edge of a clock pulse; (b) truth table; (c) typical waveforms. 


The waveforms in Figure 5-17(c) illustrate the operation of the clocked S-C 
flip-flop. If we assume that the setup and hold time requirements are being met in 
all cases, we can analyze these waveforms as follows: 


1. Initially all inputs are 0 and the QO output is assumed to be 0; that is, O = 0. 

2. When the PGT of the first clock pulse occurs (point a), the S and C inputs 
are both 0, so the FF is not affected and remains in the Q = 0 state G.e., O = 
Qo). 

3. At the occurrence of the PGT of the second clock pulse (point c), the S input 
is now high, with C still low. Thus, the FF sets to the 1 state at the rising 
edge of this clock pulse. 

4. When the third clock pulse makes its positive transition (point e), it finds that 
S =0 and C = 1, which causes the FF to clear to the 0 state. 
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5. The fourth pulse sets the FF once again to the Q = 1 state (point g) because 
S = 1 and C= 0 when the positive edge occurs. 


6. The fifth pulse also finds that S = 1 and C = 0 when it makes its positive- 
going transition. However, QO is already high, so it remains in that state. 


7. The S = C = 1 condition should not be used, because it results in an am- 
biguous condition. 


It should be noted from these waveforms that the FF is not affected by the 
negative-going transitions of the clock pulses. Also, note that the S and C levels 
have no effect on the FF, except upon the occurrence of a positive-going transition 
of the clock signal. The Sand C' inputs are synchronous control inputs; they con- 
trol which state the FF will go to when the clock pulse occurs; the CLK input is the 
trigger input that causes the FF to change states according to what the Sand C in- 
puts are when the active clock transition occurs. 

Figure 5-18 shows the symbol and truth table for a clocked S-C flip-flop that 
triggers on the negative-going transition at its CLK input. The small circle and trian- 
gle on the CZK input indicates that this FF will trigger only when the CZK input 
goes from 1 to 0. This FF operates in the same manner as the positive-edge FF ex- 
cept that the output can change states only on the falling edge of the clock pulses 
(points b, d, f, b, and 7 in Figure 5-17). Both positive-edge and negative-edge trig- 
gering FFs are used in digital systems. 


Internal Circuitry of the Edge-Triggered S-C Flip-Flop = A de- 
tailed analysis of the internal circuitry of a clocked FF is not necessary, since all 
types are readily available as ICs. Although our main interest is in the FF’s external 
operation, our understanding of this external operation can be aided by taking a 
look at a simplified version of the FF’s internal circuitry. Figure 5-19 shows this for 
an edge-triggered S-C flip-flop. 

The circuit contains three sections: 


1. A basic NAND latch formed by NANDs 3 and 4 
2. A pulse-steering circuit formed by NANDs 1 and 2 
3. An edge-detector circuit 


As shown in Figure 5-19, the edge-detector produces a narrow positive-going 
spike (CZK*) that occurs coincident with the active transition of the CZK input 
pulse. The pulse-steering circuit “steers” the spike through to the SET or CLEAR 
input of the latch in accordance with the levels present at S and C. For example, 
with S = 1 and C = 0, the CLK* signal is inverted and passed through NAND-1 to 
produce a LOW pulse at the SET input of the latch that sets O = 1. With S = 0, 


Figure 5-18 Clocked S-C flip-flop that triggers only on 
negative-going transitions. 


Triggers on 
negative edge 
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Figure 5-19 Simplified version of the internal circuitry for an edge- 
triggered S-C flip-flop. 


C = 1, the CLK* signal is inverted and passed through NAND-2 to produce a low 
pulse at the CLEAR input of the latch that resets Q = 0. 

Figure 5-20(a) shows how the CZK* signal is generated for edge-triggered 
FFs that trigger on a PGT. The INVERTER produces a delay of a few nanoseconds 
so that the transitions of CLK occur a little bit after those of CLK. The AND gate 
produces an output spike that is HIGH only for the few nanoseconds when CLK 
and CLK are both HIGH. The result is a narrow pulse at CLK*, which occurs on 
the PGT of CLK. The arrangement of Figure 5-20(b) likewise produces CZK* on 
the NGT of CZK for FFs that are to trigger on a NGT. 

Since the CLK* signal is HIGH for only a few nanoseconds, Q is affected by 
the levels at S and C only for a short time during and after the occurrence of the 
active edge of CLK. This is what gives the FF its edge-triggered property. 


Figure 5-20 Implementation of edge detector circuits used in edge-triggered flip-flops: 


(a) PGT; (b) NGT. Duration of CLK* pulses typically 2-5 nanoseconds. 


CLK CLK 
ck CLK 
CLK « CLK * 
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REVIEW QUESTIONS 


1. Suppose that the waveforms of Figure 5-17(c) are applied to the Se of 
the FF of Figure 5-18. What will happen to Q at point b? 


2. Explain why the Sand C inputs affect Q only during the active transition 
of CLK. 


0-6  CLOCKED J-K FLIP-FLOP 


Figure 5-21(a) shows a clocked J-K flip-flop that is triggered by the positive-going 
edge of the clock signal. The /and K inputs control the state of the FF in the same 
ways as the S and C inputs do for the clocked S-C flip-flop except for one major 
difference: the J] = K = 1 condition does not result in an ambiguous output. For 
this 1, 1 condition, the FF will always go to its opposite state upon the positive 
transition of the clock signal. This is called the toggle mode of operation. In this 
mode, if both / and K are left HIGH, the FF will change states (toggle) for each 
PGT of the clock. 


Figure 5-21 (a) Clocked J-K flip-flop that responds only to positive edge of clock; 
(b) waveforms. 
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The truth table in Figure 5-21(a) summarizes how the /-K flip-flop responds 
to the PGT for each combination of /and K. Notice that the truth table is the same 
as for the clocked S-C flip-flop (Figure 5-17) except for the /= K = 1 condition. 
This condition results in Q = Oo, which means that the new value of Q will be the 
inverse of the value it had prior to the PGT; this is the toggle operation. 

The operation of this FF is illustrated by the waveforms in Figure 5-21(b). 
Once again we assume that the setup and hold time requirements are being met. 


1. Initially all inputs are 0 and the QO output is assumed to be 1; that is, Q= 0. 


2. When the positive-going edge of the first clock pulse occurs (point @) the 
J = 0, K = 1 condition exists. Thus, the FF will be cleared to the O = 0 state. 


3. The second clock pulse finds / = K = 1 when it makes its positive transition 
(point c). This causes the FF to toggle to its opposite state, O = 1. 


4. At point eon the clock waveform, J/and K are both 0, so that the FF does not 
change states on this transition. 


5. At point g, / = 1 and K = 0. This is the condition that sets QO to the 1 state. 
However, it is already 1, and so it will remain there. 


6. At point i, / = K = 1, and so the FF toggles to its opposite state. The same 
thing occurs at point R. 


It should also be noted from these waveforms that the FF is not affected by 
the negative-going edge of the clock pulses. Also, the /and K input levels have no 
effect except upon the occurrence of the PGT of the clock signal. The J and K in- 
puts by themselves cannot cause the FF to change states. 

Figure 5-22 shows the symbol for a clocked J-K flip-flop that triggers on the 
negative-going clock-signal transitions. The small circle on the CZK input indicates 
that this FF will trigger when the CZK input goes from 1 to 0. This FF operates in 
the same manner as the positive-edge FF of Figure 5-21 except that the output can 
change states only on negative-going clock-signal transitions (points b, d, f, bh, and 
7). Both polarities of edge-triggered J-K flip-flops are in common usage. 

The J-K flip-flop is much more versatile than the S-C flip-flop because it has 
no ambiguous states. The / = K = 1 condition, which produces the toggling oper- 
ation, finds extensive use in all types of binary counters. In essence, the J-K flip- 
flop can do anything the S-C flip-flop can do plus operate in the toggle mode. 


Internal Circuitry of the Edge-Triggered J-K Flip-Flop A simpli- 
fied version of the internal circuitry of an edge-triggered J-K flip-flop is shown in 
Figure 5-23. It contains the same three sections as the edge-triggered S-C flip-flop 
(Figure 5-19). In fact, the only difference between the two circuits is that the Q 


Figure 5-22 J-K flip-flop that triggers only on negative-going 
transitions. 


Qy (no change) 
1 
0 


Q (toggles) 
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Figure 5-23 = Internal circuit of edge-triggered J-K flip-flop. 


and O outputs are fed back to the pulse-steering NAND gates. This feedback con- 
nection is what gives the J-K flip-flop its toggle operation for the J = K = 1 condi- 
tion. 

Let’s examine this toggle condition more closely by assuming that ]= K = 1 
and that QO is sitting in the LOW state when a CLK pulse occurs. With Q = 0 and O 
= 1, NAND gate 1 will steer CLK* (inverted) to the SET input of the NAND latch 
to produce Q = 1. If we assume that Q is HIGH when a CZK pulse occurs, NAND 
gate 2 will steer CLK* (inverted) to the CLEAR input of the latch to produce Q = 
0. Thus, QO always ends up in the opposite state. 

In order for the toggle operation to work as described above, the CLK* pulse 
must be very narrow. It has to return to 0 before the Q and QO outputs toggle to 
their new values; otherwise the new values of Q and QO will cause the CLK* pulse 
to toggle the latch outputs again. 


REVIEW QUESTIONS 


9-f  GCLOGKED D FLIP-FLOP 


Figure 5-24(a) shows the symbol and truth table for an edge-triggered D flip-flop 
that triggers on a PGT. Unlike the S-C and J-K flip-flops, this flip-flop has only the 
one synchronous control input, D, which stands for data. The operation of the 
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Figure 5-24 (a) D flip-flop that triggers only on positive- 
going transitions; (b) waveforms. 


D flip-flop is very simple; OQ will go to the same state that is present on the D 
input when a PGT occurs at CLK. In other words, the level present at D will be 
stored in the flip-flop at the instant the PGT occurs. The waveforms in Figure 
5-24(b) illustrate this operation. 

Assume that OQ is initially HIGH. When the first PGT occurs at point a, the D 
input is LOW; thus, O will go to the 0 state. Even though the D input level 
changes between points a and &, it has no effect on Q; Q is storing the LOW that 
was on D at point a. When the PGT at b occurs, Q goes HIGH since D is HIGH at 
that time. O stores this HIGH until the PGT at point c causes Q to go LOW, since 
D is LOW at that time. In a similar manner, the QO output takes on the levels pre- 
sent at D when the PGTs occur at points d, e, f and g. Note that QO stays HIGH at 
point e because D is still HIGH. 

Again, it is important to remember that Q can change only when a PGT oc- 
curs. The D input has no effect between PGTs. 

A negative-edge-triggered D flip-flop operates in the same way just described 
except that Q will take on the value of D when a NGT occurs at CLK. The symbol 
for the D flip-flop that triggers on NGTs will have a bubble on the CZK input. 


Implementation of the D Flip-Flop = — An edge-triggered D flip-flop is 
easily implemented by adding a single INVERTER to the edge-triggered S-C flip- 
flop as shown in Figure 5-25. If you try both values of D, you should see that Q 
takes on the level present at D when a PGT occurs. 
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Figure 5-25 Edge-triggered D flip-flop implementation from S-C flip- 
flop. 


EXAMPLE D-7 


How can a J-K flip-flop be modified to operate as a D flip-flop? 


Figure 5-26 _D flip-flop implementation 
from a J-K flip-flop. 


Solution 


The modification, shown in Figure 5-26, is the same as was done for the S-C flip- 
flop in Figure 5-25. 


Parallel Data Transfer At this point you may well be wondering about 
the usefulness of the D flip-flop, since it appears that the OQ output is the same as 
the D input. Not quite; remember, Q takes on the value of D only at certain time 
instances, and so it is not identical to D (e.g., see the waveforms in Figure 5-24). 

In most applications of the D flip-flop, the Q output must take on the value 
at its D input only at precisely defined times. One example of this is illustrated in 
Figure 5-27. Logic-circuit outputs X, Y, Z are to be transferred to FFs Q), Qo, and 
Q; for storage. Using the D flip-flops, the levels present at X, Y, and Z will be 
transferred to Q:, Q2, and Q; respectively, upon application of a TRANSFER pulse 
to the common CZK inputs. The FFs can store these values for subsequent process- 
ing. This is an example of parallel transfer of binary data; the three bits X, Y, and 
Z are all transferred simultaneously. 
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Figure 5-27 Parallel transfer of binary data using D flip-flops. 


REVIEW QUESTIONS 


1. What will happen to the Q waveform in Figure 5-24(b) if the D input is 
held permanently LOW? 
2. True or false: The Q output will equal the level at the D input at all times. 


5-8 DLATGH (TRANSPARENT LATCH) 


The edge-triggered D flip-flop uses an edge-detector circuit to ensure that the out- 
put will respond to the D input only when the active transition of the clock occurs. 
If this edge detector is not used, the resultant circuit operates somewhat differ- 
ently. It is called a D latch and has the arrangement shown in Figure 5-28(a). 

The circuit contains the NAND latch and the steering NAND gates 1 and 2. 
The common input to the steering gates is called an enable input (abbreviated EN) 
rather than a clock input because its effect on the Q and OQ outputs is not re- 
stricted to occurring only on its transitions. The operation of the D latch is de- 
scribed as follows: 


1. When EN is HIGH, the D input will produce a LOW at either the SET or 
CLEAR inputs of the NAND latch to cause Q to become the same level as D. 
If D changes while EN is HIGH, QO will follow the changes exactly. In other 
words, while EN = 1, the QO output will look exactly like D; in this mode, the 
D latch is said to be “transparent.” 
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Figure 5-28 D latch: (a) structure; (b) truth table; (c) logic symbol. 


2. When EN goes LOW, the D input is inhibited from affecting the NAND latch 
since the outputs of both steering gates will be held HIGH. Thus, the O and 
Q outputs will stay at whatever level they had just before EN went LOW. In 
other words, the outputs are “latched” to their current level and cannot 
change while EN is LOW even if D changes. 


This operation is summarized in the truth table in Figure 5-28(b). The logic 
symbol for the D latch is given in Figure 5-28(c). Note that even though the EN 
input operates much like the CZK input of an edge-triggered FF, there is no small 
triangle on the EN input. This is because the small triangle symbol is used strictly 
for inputs that can cause an output change only when a transition occurs. The D 
latch is not edge-triggered. 


EXAMPLE 5-8 


Determine the Q waveform for a D latch with the EN and D inputs of Figure 5-29. 
Assume that O = 0 initially. 


Solution 


Prior to time 71, EN is LOW, so that QO is “latched” at its current 0 level and cannot 
change even though D is changing. During the interval T to 72, EN is HIGH so 
that Q will follow the signal present at D. Thus, O goes HIGH at 7 and stays there 
since D is not changing. When EN returns LOW at 7%, Q will latch at the HIGH 
level that it has at 7 and remain there while EN is LOW. 

At 7; when EN goes HIGH again, QO will follow the changes in the D input 
until 7; when EN returns LOW. During the interval 7; to 7%, the D latch is “trans- 
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Figure 5-29 Waveforms for Example 5-8 showing the two 
modes of operation of the transparent D latch. 


parent” since the variations in D go through to the output Q. At 7% when EN goes 
LOW, QO will latch at the 0 level since that is its level at 74. After 7; the variations in 
D will have no effect on Q since it is latched G.e., EN = 0). 


REVIEW QUESTIONS 


1. Describe how a D latch « 


5-9 ASYNCHRONOUS INPUTS 


For the clocked flip-flops that we have been studying, the S, C, J, K, and D inputs 
have been referred to as control inputs. These inputs are also called synchro- 
nous inputs, because their effect on the FF output is synchronized with the CLK 
input. As we have seen, the synchronous control inputs must be used in conjunc- 
tion with a clock signal to trigger the FF. 

Most clocked FFs also have one or more asynchronous inputs which oper- 
ate independently of the synchronous inputs and clock input. These asynchronous 
inputs can be used to set the FF to the 1 state or clear the FF to the O state at any 
time, regardless of the conditions at the other inputs. Stated in another way, the 
asynchronous inputs are override inputs, which can be used to override all the 
other inputs in order to place the FF in one state or the other. 

Figure 5-30 shows a J-K flip-flop with two asynchronous inputs designated 
as PRESET and CLEAR. These are active-LOW inputs, as indicated by the bubbles 
on the FF symbol. The accompanying truth table summarizes how they affect the 
FF output. Let’s examine the various cases. 
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Figure 5-30 = Clocked J-K flip-flop with asynchronous inputs. 


m PRESET = CLEAR = 1. The asynchronous inputs are inactive and the FF is 
free to respond to the fj, K, and CZK inputs; in other words, the clocked oper- 
ation can take place. 

m PRESET = 0; CLEAR = 1. The PRESET is activated and QO is immediately set 
to 1 no matter what conditions are present at the /, K, and CZK inputs. The 
CLK input cannot affect the FF while PRESET = 0. 

m PRESET = 1; CLEAR = 0. The CLEAR is activated and O is immediately 
cleared to 0 independent of the conditions on the j, K, or CLK inputs. The 
CLK input has no effect while CLEAR = 0. 

m PRESET = CLEAR = 0. This condition should not be used, since it can re- 
sult in an ambiguous response. 


It is important to realize that these asynchronous inputs respond to dc levels. 
This means that if a constant 0 is held on the PRESET input, the FF will remain in 
the Q = 1 state regardless of what is occurring at the other inputs. Similarly, a con- 
stant LOW on the CLEAR input holds the FF in the O = 0 state. Thus, the asyn- 
chronous inputs can be used to hold the FF in a particular state for any desired in- 
terval. Most often, however, the asynchronous inputs are used to set or clear the 
FF to the desired state by application of a momentary pulse. 

Many clocked FFs that are available as ICs will have both of these asynchro- 
nous inputs; some will have only the CLEAR input. Some FFs will have asynchro- 
nous inputs that are active-HIGH rather than active-LOW. For these FFs the FF 
symbol would not have a bubble on the asynchronous inputs. 


Designations for Asynchronous Inputs — Ic manufacturers have not 
agreed on what nomenclature is used for these asynchronous inputs. The most 
common designations are PRE (short for PRESET) and CZR (short for CLEAR). The 
designations SET and RES (short for RESET) are also sometimes used. From now 
on, we will use the labels PRE and CZR to represent the asynchronous inputs, 
since these seem to be the most commonly used labels. When these asynchronous 
inputs are active-LOW, as they generally are, we will use the overbar to indicate 
their active-LOW status, that is, PRE and CLR. 

Although most IC flip-flops have at least one or more asynchronous inputs, 
there are some circuit applications where they are not used. In such cases they are 
held permanently at their inactive level. Often, in our use of FFs throughout the 
remainder of the text, we will not show a FF’s unused asynchronous inputs; it will 
be assumed that they are permanently connected to their inactive logic level. 
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EXAMPLE 9-9 


Figure 5-31(a) shows an edge-triggered J-K flip-flop with active-LOW asynchro- 
nous inputs. The /and K inputs are permanently held HIGH. Determine the O out- 
put response to the input waveforms at CLK, PRE, and CLR. Assume that Q = 1 


initially. 
1 
JK 
1 
— CLE 
+5 V PRE 
0 
| | | | | 
| | | | | 
— 1 
PRE | | | | | | | 
| | | | | 
: i | | | | 
ly | | | | 
— 1 | 
CLR | | | | | | 
Ly | | | | | | 
0 1 | 1] | 
Ly | | | | | 
1 | 
Q | 
0 
ly | | | | | 
| | | | | | | 
ab C d e i g 
(a) 
a synchronous toggle on NGT of CLK 
b Asynchronous set on PRE = 0 
C Synchronous toggle 
d Synchronous toggle 
e Asynchronous clear on CLR = 0 
t CLR over-rides the NGT of CLK 
g Synchronous toggle 
(b) 
Figure 5-31 Waveforms for Example 5-9 showing how a clocked flip-flop responds to 
asynchronous inputs. 
Solution 


Initially, PRE and CZR are in their inactive HIGH state, so that they will have no ef- 
fect on QO. Thus, when the first NGT of the CZK signal occurs at point a, Q will 
toggle to its opposite state; remember, / = K = 1 produces the toggle operation. 

At point b, the PRE input is pulsed to its active-LOW state. This will immedi- 
ately set Q = 1. Note that PRE produces O = 1 without waiting for a NGT at CLK. 
The asynchronous inputs operate independent of CZK. 

At point c, the NGT of CLK will again cause Q to toggle to its opposite state. 
Note that PRE has returned to its inactive state prior to point c. Likewise, the NGT 
of CLK at point d will toggle O back HIGH. | 
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Figure 5-32 


At point e, the CLR input is pulsed to its active-LOW state and will immedi- 
ately clear O = 0. Again, it does this independent of CLK. 

The NGT of CLK at point / will not toggle O, because the CLR input is still ac- 
tive. The LOW at CZR overrides the CLK input and holds O = 0. 

When the NGT of CZK occurs at point g, it will toggle O to the HIGH state 
since neither asynchronous input is active at that point. 

These steps are summarized in Figure 5-31(b). 


REVIEW OUESTIONS 


1 igs dees She operation of 2 an. p asynchronous input afer from that of a 
synchronous: ne  ~=—r—— —._—>vreé—FéF>r 


2 | Can a D flip-flop respond t to its D and CLK ne ile PRE = 1? 


ee the conditions. “necessary for a positive- -edge- triggered J-K flip- flop 


with active LOW asynchronous ene to a to its popes state. 


90-10. [KEE/ANSI SYMBOLS 


We have been using the traditional symbols for each of the latches and FFs that 
have been introduced thus far, and we will continue to use these symbols in most 
of our circuit diagrams. In this section we will examine the IEEE/ANSI symbols for 
these same devices so that you can become familiar with them. 

Figure 5-32(a) shows the logic symbol for a single D latch. This is the 
IEEE/ANSI symbol. It uses the letter “C” to denote the ENABLE input. As we shall 
see, the IEEE/ANSI symbology uses “C” for any input that controls when other in- 
puts will have an effect on the output. As we know, the logic level applied to the 
ENABLE input controls when the D input is allowed to affect OQ and O. Note that 


IEEE/ANSI symbols for (a) a single D latch and (b) an actual IC latch — 


the 74LS375 quad latch. 


ENABLE 


74LS375 


1D 


ENABLE 


2D 


3D 


ENABLE 


AD 
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the outputs O and OQ are labeled outside the block, and note the right triangle on 
O to indicate that it is the inverted output. This is standard for IEEE/ANSI. Recall 
that this right triangle is like the small bubble used in the older symbols. 

Figure 5-32(b) shows the IEEE/ANSI symbol for a specific IC: the 74LS375 
TTL quad latch. This IC contains four D latches that operate individually in the 
manner described earlier. This symbol also applies to the corresponding ICs in the 
other TTL and CMOS series: for example, the 74HC375. 

If we examine the logic symbol for this IC, several points should be noted. 
First, we can see that the overall symbol outline contains four smaller rectangles 
that represent the individual latches. Note how the inputs and outputs to each 
latch are labeled. For example, the D input to the top latch is labeled “1D,” its en- 
able input is labeled “C1,” and its outputs are 1Q and 10. Finally, note that the 
top two latches have a common enable input; that is, Cl and C2 are connected to- 
gether internally and brought out to a single pin on the IC package. Similarly, the 
bottom two latches share a common enable input. 

Figure 5-33(a) shows the IEEE/ANSI logic symbol for a negative-edge- 
triggered J-K flip-flop with asynchronous inputs. The clock input is labeled “C” in- 
side the symbol’s rectangular outline. Note that there are two triangles on the 
clock input: the one inside the rectangle indicates that this input is edge-triggered; 
the one outside the rectangle indicates that it triggers on NGTs. The PRE and CLR 
inputs are active-LOW as symbolized by the right triangles. Interestingly, the 
IEEE/ANSI standard uses the labels “S” and “R” inside the rectangle to indicate 
asynchronous SET and RESET, which are equivalent to PRESET and CLEAR, re- 
spectively. 

Figure 5-33(b) shows the IEEE/ANSI logic symbol for an IC that is part of the 
74LS series of TTL devices. The 74LS112 is a dual negative-edge-triggered J-K flip- 
flop with preset and clear capabilities. It contains two J-K flip-flops, like the one 
symbolized in Figure 5-33(a). Note how the inputs and outputs are numbered. 
Also note that the input labels inside the rectangles are shown only for the top FF. 


Figure 5-33. JEEE/ANSI symbols for (a) single edge-triggered J-K flip-flop and 
(b) an actual IC (74LS112 dual negative-edge-triggered J-K flip-flop). 


74LS112 
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1J 
1CLK 
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CLK 


Figure 5-34 [EEE/ANSI symbols for (a) a single edge-triggered D flip-flop and 
(b) an actual IC (74175 quad flip-flop with common clock and clear) 


It is understood that the inputs to the bottom FF are in the same arrangement as 
the top one. This same IC symbol applies to the 748112 and 74HC112. 

Figure 5-34(a) is the IEEE/ANSI symbol for a positive-edge-triggered D flip- 
flop with asynchronous inputs. There is no right triangle on the clock input, since 
this FF is clocked by PGTs. 

Figure 5-34(b) is the IEEE/ANSI symbol for a 74175 IC, which contains 
four D flip-flops that share a common CZK input and common CZR input. The FFs 
do not have a PRE input. This symbol contains a separate rectangle to represent 
each FF, and a special common-control block, which is the notched rectangle 
on top. The common-control block is used whenever an IC has one or more in- 
puts that are common to more than one of the circuits on the chip. For the 74175, 
the CLK and CLR inputs are common to all four of the D flip-flops on the IC. This 
means that a PGT on CLK will cause each Q output to take on the level present at 
its D input; it also means that a LOW on CZR will clear all Q outputs to the LOW 
state. 


REVIEW QUESTIONS 


1. Explain the meaning of the two different triangles that can be part of the 
IEEE/ANSI symbology at a clock input. : 


2. Describe the meaning of the common-control block. 
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9-11 FLIP-FLOP TIMING CONSIDERATIONS 


Manufacturers of IC flip-flops will specify several important timing parameters and 
characteristics that must be considered before a FF is used in any circuit applica- 
tion. We will describe the most important of these and then give some actual ex- 
amples of specific IC flip-flops from the TTL and CMOS logic families. 


Setup and Hold Times _ The setup and hold times have already been dis- 
cussed, and you may recall from Section 5-4 that they represent requirements that 
must be met for reliable FF triggering. The manufacturer’s IC data sheet will al- 
ways specify the minimum values of é and fy. 


Propagation Delays Whenever a signal is to change the state of a FF’s 
output, there is a delay from the time the signal is applied to the time when the 
output makes its change. Figure 5-35 illustrates the propagation delays that occur 
in response to a positive transition on the CZK input. Note that these delays are 
measured between the 50 percent points on the input and output waveforms. The 
same types of delays occur in response to signals on a FF’s asynchronous inputs 
(PRESET and CLEAR). The manufacturers’ data sheets usually specify propagation 
delays in response to all inputs, and they usually specify the maximum values for 
tun and fu. 

Modern IC flip-flops have propagation delays that range from a few nanosec- 
onds to around 100 ns. The values of fpr and tp, are generally not the same, and 
they increase in direct proportion to the number of loads being driven by the OQ 
output. FF propagation delays play an important part in certain situations which 
we will encounter later. 


Maximum Clocking Frequency, fax _‘ This is the highest frequency that 
may be applied to the CZK input of a FF and still have it trigger reliably. The /vax 
limit will vary from FF to FF even with FFs having the same device number. For 


Figure 5-35 FF propagation delays. 
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example, the manufacturer of the 7470 J-K flip-flop chip tests many of these FFs 
and may find that the /fmax values fall in the range 20 to 35 MHz. He will then 
specify the minimum fmax as 20 MHz. This may seem confusing, but a little 
thought should make it clear that what the manufacturer is saying is that he cannot 
guarantee that the 7470 FF that you put in your circuit will work above 20 MHz; 
many of them will, but some of them will not. If you stay below 20 MHz, however, 
he guarantees that they will all work. 


Clock Pulse HIGH and LOW Times — The manufacturer will also specify 
the minimum time duration that the CLK signal must remain LOW before it goes 
HIGH, sometimes called fy), and the minimum time that CLK must be kept 
HIGH before it returns LOW, sometimes called fyCH). These times are defined in 
Figure 5-36(a). Failure to meet these minimum time requirements can result in un- 
reliable triggering. Note that these time values are measured between the halfway 


points on the signal transitions. 


Asynchronous Active Pulse Width The manufacturer will also specify 
the minimum time duration that a PRESET or CLEAR input has to be kept in its ac- 
tive state in order to reliably set or clear the FF. Figure 5-36(b) shows fw(Z) for ac- 
tive-LOW asynchronous inputs. 


Clock Transition Times For reliable triggering, the clock waveform tran- 
sition times (rise and fall times) should be kept very short. If the clock signal takes 
too long to make the transitions from one level to the other, the FF may trigger er- 
ratically or not at all. Manufacturers usually do not list a maximum transition-time 
requirement for each FF integrated circuit. Instead, it is usually given as a general 
requirement for all ICs within a given logic family. For example, the transition 
times should generally be = 50 ns for TTL devices and = 200 ns for CMOS. These 
requirements will vary among the different manufacturers and among the various 
subfamilies within the broad TTL and CMOS logic families. 


Figure 5-36 (a) Clock LOW and HIGH times; (b) 
asynchronous pulse width. 
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Table 5-2 Flip-Flop Timing Values (in Nanoseconds) 


Actual ICs As practical examples of these timing parameters, let’s take a 
look at several actual integrated-circuit FFs. In particular, we will look at the fol- 
lowing ICs: 


m 7474 Dual edge-triggered D flip-flop (TTL family) 

m 7418112 Dual edge-triggered J-K flip-flop (TTL) 

m 4013B Dual edge-triggered D flip-flop (CMOS family) 
m 74HC112 Dual edge-triggered J-K flip-flop (CMOS) 


Table 5-2 lists the various timing values for each of these FFs as they appear 
in the manufacturers’ data books. All the listed values are minimum values except 
for the propagation delays, which are maximum values. Examination of Table 5-2 
reveals two interesting points. 


1. All the FFs have very low # requirements; this is typical of most modern 
edge-triggered FFs. 


2. The 74HC series of CMOS devices has timing values that are comparable to 
the TTL devices. The 4000 series is much slower than the 74HC series. 


EXAMPLE 5-10 


From Table 5-2 determine the following. 


(a) Assume Q = 0. How long can it take for Q to go HIGH when a PGT occurs 
at the CLK input of a 7474? 


b) Assume Q = 1. How long can it take for Q to go LOW in response to the 
CLR input of a 74HC112? 


c) What is the narrowest pulse that should be applied to the CZR input of the 
74LS112 FF to clear Q reliably? 


d) Which FF in Table 5-2 requires that the control inputs remain stable after the 
occurrence of the active clock transition? 


e) For which FFs do the control inputs have to be held stable for a minimum 
time prior to the active clock transition? 
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Solution 


(a) The PGT will cause Q to go from LOW to HIGH. The delay from CZK to Q is 
listed as fry = 25 ns for the 7474. 


(b) For the 74HC112 the time required for Q to go from HIGH to LOW in re- 
sponse to the CZR input is listed at fy = 41 ns. 


(c) For the 74LS112 the narrowest pulse at the CZR input is listed as tw(D = 
15. 11s. 


(d) The 7474 is the only FF in Table 5-2 that has a nonzero hold-time require- 
ment. 


(e) All of the FFs have a nonzero setup time requirement. 


REVIEW QUESTIONS 


1. Which FF timing parameters indicate the time it takes the QO output to re- 
spond to an input? 


2. True or false: A FF that has an fmax rating of 25 MHz can be reliably trig- 
gered by any CZK pulse waveform with a frequency below 25 MHz. 


90-12 POTENTIAL TIMING PROBLEM IN FF CIRCUITS 


In many digital circuits, the output of one FF is connected either directly or 
through logic gates to the input of another FF, and both FFs are triggered by the 
same clock signal. This presents a potential timing problem. A typical situation is 
illustrated in Figure 5-37, where the output of Q; is connected to the / input of Q> 
and both FFs are clocked by the same signal at their CLK inputs. 

The potential timing problem is this: since Q; will change on the NGT of the 
clock pulse, the ,2 input of Q2 will be changing as it receives the same NGT. This 
could lead to an unpredictable response at Q>. 

Let’s assume that initially Q1 = 1 and Q2 = O. Thus, the Q; FF has fi = Ki = 
1, and Q2 has f = Q; = 1, K2 = O prior to the NGT of the clock pulse. When the 
NGT occurs, Q; will toggle to the LOW state, but it will not actually go LOW until 
after its propagation delay, tp. The same NGT will reliably clock Q2 to the HIGH 
state provided that fpy, is greater than Q2’s hold-time requirement, fy. If this condi- 
tion is not met, the response of Q2 will be unpredictable. 

Fortunately, all modern edge-triggered FFs have hold-time requirements that 
are 5 ns or less; most have fy = 0, which means that they have no hold-time re- 
quirement. For these FFs, situations like that in Figure 5-37 will not be a problem. 

Unless stated otherwise, in all of the FF circuits that we encounter through- 
out the text, we will assume that the FF’s hold-time requirement is short enough to 
respond reliably according to the following rule: 


The FF output will go to a state determined by the logic levels 
present at its synchronous control inputs just prior to the active 
clock transition. 
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CLOCK 


tery Of Qz 


Figure 5-37  Q» will properly respond to the level present at QO; 
prior to the NGT of CLK, provided that Q2’s hold-time requirement, 
i, is less than Qy’s propagation delay. 


If we apply this rule to Figure 5-37, it says that Q2 will go to a state determined by 
the £ = 1, K = 0 condition that is present just prior to the NGT of the clock 
pulse. The fact that ,; is changing in response to the same NGT has no effect. 


EXAMPLE 5-11 


Determine the QO output for a negative-edge-triggered J-K flip-flop for the input 
waveforms shown in Figure 5-38. Assume that f = 0 and that O = 0 initially. 


Figure 5-38 Example 5-11. 
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Solution 


The FF will respond only at times 7%, 7%, 7, and 7s. At 72, Q will respond to 
the / = K = 0 condition present just prior to 72. At 74, Qwill respond to the /= 1, 
K = 0 condition present just prior to 74. At 75, Q will respond to the J = 0, K = 1 
condition present just prior to 7%. At 7s, Q responds to J/= K = 1. 


0-13 MASTER/SLAVE FLIP-FLOPS 


Before the development of edge-triggered FFs with little or no hold-time require- 
ments, timing problems such as that in Figure 5-37 were often handled by using a 
class of FFs called master/slave FFs. A master/slave FF actually contains two FFs— 
a master and a slave. On the rising edge of the CZK signal, the levels on the con- 
trol inputs (D, /, K) are used to determine the output of the master. When the CZK 
signal goes LOW, the state of the master is transferred to the slave, whose outputs 
are QO and QO. Thus, Q and O change just after the NGT of the clock. These mas- 
ter/slave FFs function very much like the negative-edge-triggered FFs except for 
one major disadvantage: the control inputs must be held stable while CZK is 


HIGH, or unpredictable operation may occur. This problem with master/slave FFs 


has been overcome with an improved master/slave version called a master/slave 
with data lockout. 

The master/slave FF has become obsolete, although you may encounter it in 
older equipment. Examples of this type are the standard TTL 7473, 7476, and 
74107, and the data lockout versions, 74110 and 74111. The newer IC technologies 
(74LS, 74AS, 74ALS, 74HC, 74HCT) do not include any master/slave FFs in their se- 
ries. In fact, the 74LS76 and 74LS107 have been manufactured as edge-triggered 
FFs even though their standard 74 series counterparts are master/slave. 

For most purposes, if you encounter a master/slave FF in a piece of equip- 
ment, you can analyze it like a negative-edge-triggered FF. 


9-14 FLIP-FLOP APPLICATIONS 


Earlier in this chapter we saw some examples of how the simple NAND flip-flop 
and NOR flip-flop were used to perform switch debouncing (Example 5-2) and 
event storage (Example 5-4). These simple unclocked FFs are somewhat limited in 
their applications. Clocked FFs offer the logic designer a group of versatile devices 
that have numerous applications. We will briefly introduce the more common ap- 
plications in the following sections and will expand on them in subsequent chap- 
ters. 


O-10 FLIP-FLOP SYNCHRONIZATION 


Most digital systems are principally synchronous in their operation in that most of 
the signals will change states in synchronism with the clock transitions. In many 
cases, however, there will be an external signal that is not synchronized to the 
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clock; in other words, it is asynchronous. Asynchronous signals often occur as a 
result of a human operator’s actuating an input switch at some random time rela- 
tive to the clock signal. This randomness can produce unpredictable and undesir- 
able results. The following example illustrates how a FF can be used to synchro- 
nize the effect of an asynchronous input. 


EXAMPLE 5-12 


Figure 5-39(a) shows a situation where input signal A is generated from a de- 
bounced switch that is actuated by an operator (a debounced switch was first in- 
troduced in Example 5-2). A goes HIGH when the operator actuates the switch 
and goes LOW when the operator releases the switch. This A input is used to con- 
trol the passage of the clock signal through the AND gate so that clock pulses ap- 
pear at output X only as long as A is HIGH. 

The problem with this circuit is that A is asynchronous; it can change states 
at any time relative to the clock signal because the exact times when the operator 
actuates or releases the switch are essentially random. This can produce partial 
clock pulses at output X if either transition of A occurs while the clock signal is 
HIGH, as shown in the waveforms of Figure 5-39(b). 

This type of output is often not acceptable, so a method for preventing the 
appearance of partial pulses at X must be developed. One solution is shown in 
Figure 5-40(a). Describe how this circuit solves the problem, and draw the X 
waveform for the same situation as in Figure 5-39(b). 


Debounced 


switch A | | 


(a) 


(b) 


Figure 5-39 Asynchronous signal A can produce partial pulses at_X. 


Solution 


The A signal is connected to the D input of FF Q, which is clocked by the NGT of 
the clock signal. Thus, when A goes HIGH, Q will not go HIGH until the next 
NGT of the clock at time 7. This HIGH at QO will enable the AND gate to pass sub- 
sequent complete clock pulses to X, as shown in Figure 5-40(b). 

When A returns LOW, Q will not go LOW until the next NGT of the clock at 
Tz. Thus, the AND gate will not inhibit clock pulses until the clock pulse that ends 
at 7; has been passed through to X. Thus, output X contains only complete pulses. 
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Figure 5-40 An edge-triggered D flip-flop is used to synchro- 
nize the enabling of the AND gate to the NGTs of the clock. 


0-16 DETECTING AN INPUT SEQUENCE 


In many situations an output is to be activated only when the inputs are activated 
in a certain sequence. This cannot be accomplished using pure combinational 
logic but requires the storage characteristic of FFs. 

For example, an AND gate can be used to determine when two inputs A and 
B are both HIGH, but its output will respond the same regardless of which input 
goes HIGH first. But suppose that we want to generate a HIGH output omly if A 
goes HIGH and then B goes HIGH some time later. One way to accomplish this is 
shown in Figure 5-41(a). 

The waveforms in Figure 5-41(b) and (c) show that X will go HIGH only if A 


Figure 5-41 Clocked J-K flip-flop used to respond to a particular sequence of 
inputs. 
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goes HIGH before B goes HIGH. This is because A must be HIGH in order for X 
to go HIGH on the PGT of B. 

In order for this circuit to work properly, A has to go HIGH prior to B by at 
least an amount of time equal to the setup-time requirement of the FF. 


0-1 DATA STORAGE AND TRANSFER 


By far the most common use of flip-flops is for the storage of data or information. 
The data may represent numerical values (e.g., binary numbers, BCD-coded deci- 
mal numbers). These data are generally stored in groups of FFs called registers. 
The operation most often performed on data that are stored in a FF or a reg- 
ister is the transfer operation. This involves the transfer of data from one FF or 
register to another. Figure 5-42 illustrates how data transfer can be accomplished 
between two FFs using clocked S-C, J-K, and D flip-flops. In each case, the logic 
value that is currently stored in FF A is transferred to FF B upon the NGT of the 
TRANSFER pulse. Thus, after this NGT, the B output will be the same as the A output. 
The transfer operations in Figure 5-42 are examples of synchronous trans- 
fer, since the synchronous and CZK inputs are used to perform the transfer. A 
transfer operation can also be obtained using the asynchronous inputs of a FF. 


Figure 5-42 Synchronous data 
transfer operation performed by 
various types of FFs. 


TRANSFER | Y 


SECTION 5-17 / DATA STORAGE AND TRANSFER 


204 


Transfer 
enable 


Figure 5-43 Asynchronous data transfer operation. 


Figure 5-43 shows how an asynchronous transfer can be accomplished using 
the PRESET and CLEAR inputs of any type of FF. Here, the asynchronous inputs 
respond to LOW levels. When the TRANSFER ENABLE line is held LOW, the two 
NAND outputs are kept HIGH, with no effect on the FF outputs. When the 
TRANSFER ENABLE line is made HIGH, one of the NAND outputs will go LOW, 
depending on the state of the A and A outputs. This LOW will either set or clear 
FF B to the same state as FF A. This asynchronous transfer is done independently 
of the synchronous and CZK inputs of the FF. Asynchronous transfer is also called 
jam transfer, because the data can be “jammed” into FF B even if its synchronous 
inputs are active. 


Parallel Data Transfer Figure 5-44 illustrates data transfer from one reg- 
ister to another using D-type FFs. Register X consists of FFs 1, X2, and X3; register 
Y consists of FFs Yj, ¥2, and ¥3. Upon application of the TRANSFER pulse, the 


Figure 5-44 Parallel transfer of contents of register X into register Y. 
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level stored in X; is transferred to Yj, X) to ¥, and X3 to Y3. The transfer of the 
contents of the X register into the Y register is a synchronous transfer. It is also re- 
ferred to as a parallel transfer, since the contents of X,, X2, and X3 are transferred 
simultaneously into Yi, Y2, and Y3. If a serial transfer were performed, the contents 
of the X register would be transferred to the Y register one bit at a time. This will 
be examined in the next section. 

It is important to understand that parallel transfer does not change the con- 
tents of the register that is the source of data. For example, in Figure 5-44, if 
X\X2X3 = 101 and ¥,%2¥3 = O11 prior to the occurrence of the TRANSFER pulse, 
then both registers will be holding 101 after the TRANSFER pulse. 


REVIEW QUESTIONS 


90-18 SERIAL DATA TRANSFER: SHIFT REGISTERS 


Before we describe the serial data transfer operation, we must first examine the 
basic shift-register arrangement. A shift register is a group of FFs arranged so that 
the binary numbers stored in the FFs are shifted from one FF to the next for every 
clock pulse. You have undoubtedly seen shift registers in action in devices such as 
an electronic calculator, where the digits shown on the display shift over each time 
you key in a new digit. This is the same action taking place in a shift register. 

Figure 5-45(a) shows one way to arrange J-K flip-flops to operate as a 4-bit 
shift register. Note that the FFs are connected so that the output of X3 transfers into 
X2, X2 into X1, and Xi into Xo. What this means is that upon the occurrence of the 
NGT of a shift pulse, each FF takes on the value stored previously in the FF on its 
left. Flip-flop X3 takes on a value determined by the conditions present on its J and 
K inputs when the NGT occurs. For now, we will assume that X3’s J and K inputs 
are fed by the DATA IN waveform shown in Figure 5-45(b). We will also assume 
that all FFs are in the 0 state before shift pulses are applied. 

The waveforms in Figure 5-45(b) show how the input data are shifted from 
left to right from FF to FF as shift pulses are applied. When the first NGT occurs at 
7, each of the FFs X2, Xi, and Xo will have the / = 0, K = 1 condition present at 
its inputs because of the state of the FF on its left. Flip-flop 3 will have / = 1, 
K = 0 because of DATA IN. Thus, at 7 only X3 will go HIGH, while all the other 
FFs remain LOW. When the second NGT occurs at 7%, flip-flop 3 will have / = 0, 
K = 1 because of DATA IN. Flip-flop 2 will have / = 1, K = 0 because of the cur- 
rent HIGH at X3. Flip-flops X; and Xo will still have / = 0, K = 1. Thus, at % only 
FF X2 will go HIGH, FF X3 will go LOW, and FFs X; and Xo will remain LOW. 
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1 
Shift | Y | Y | Y | Y 
ulses 
is 0 
1 | 
DATA | | , 
mG | | 
| 
| 


1 
Xo | | | | 
0 


| | | 
| | | 
1 | | | 
Xe | | | | 
0 


Figure 5-45 = Four-bit shift register. 


Similar reasoning can be used to determine how the waveforms change at 73 
and 7;. Note that on each NGT of the shift pulses, each FF output takes on the 
level that was present at the output of the FF on its left prior to the NGT. Of 
course, X3 takes on the level that was present at DATA IN prior to the NGT. 


Hold-Time Requirement In this shift-register arrangement it is necessary 
that the FFs have a very small hold-time requirement, because there are times 
when the /, K inputs are changing at about the same time as the CZK transition. 
For example, the x3 output switches from 1 to 0 in response to the NGT at 7, 
causing the J, K inputs of X2 to change while its CLK input is changing. Actually, 
because of the propagation delay of 3, the J, K inputs of X2 won’t change for a 
short time after the NGT. For this reason, a shift register should be implemented 
using edge-triggered FFs that have a fj value less than one FF propagation delay 
(CLK-to-output). This latter requirement is easily satisfied by most modern edge- 
(ricoered FFs, 
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Serial Transfer between Registers Figure 5-46(a) shows two 3-bit 
shift registers connected so that the contents of the X register will be serially trans- 
ferred (shifted) into register Y. We are using D flip-flops for each shift register, 
since this requires fewer connections than J-K flip-flops. Notice how Xo, the last FF 
of register X, is connected to the Dinput of ¥, the first FF of register Y. Thus, as 
the shift pulses are applied, the information transfer takes place as follows: X2 > 
Xi > Xo > > YN > VY. The X2 FF will go to a state determined by its D input. 
For now, D will be held LOW, so that X2 will go LOW on the first pulse and will 
remain there. 

To illustrate, let us assume that before any shift pulses are applied, the con- 
tents of the X register are 101 (.e., X2 = 1, X%1 = 0, Xo = 1) and the Y register is at 
000. Refer to the table in Figure 5-46(b), which shows how the states of each FF 
change as shift pulses are applied. The following points should be noted: 


1. On the NGT of each pulse, each FF takes on the value that was stored in the 
FF on its left prior to the occurrence of the pulse. 

2. After three pulses, the 1 that was initially in X2 is in Y2, the O initially in X) is 
in Yi, and the 1 initially in Xo is in Yo. In other words, the 101 stored in the X 
register has now been shifted into the Y register. The X register is at 000; it 
has lost its original data. 


3. The complete transfer of the three bits of data requires three shift pulses. 


Figure 5-46 Serial transfer of information from X register into Y register. 
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EXAMPLE 59-13 


Assume the same initial contents of the X and Y registers in Figure 5-46. What will 
be the contents of each FF after the occurrence of the sixth shift pulse? 


Solution 


If we continue the process shown in Figure 5-46(b) for three more shift pulses, we 
will find that all of the FFs will be in the 0 state after the sixth pulse. Another way 
to arrive at this result is to reason as follows: The constant 0 level at the D input of 
X shifts in a new 0 with each pulse so that after six pulses the registers are filled 
up with Os. 


Shift Left Operation The FFs in Figure 5-46 can just as easily be con- 
nected so that information shifts from right to left. There is no general advantage 
of shifting in one direction over another; the direction chosen by a logic designer 
will often be dictated by the nature of the application, as we shall see. 


Parallel versus Serial Transfer In parallel transfer, all the information 
is transferred simultaneously upon the occurrence of a single transfer command 
pulse (Figure 5-44), no matter how many bits are being transferred. In serial trans- 
fer, as exemplified by Figure 5-46, the complete transfer of N bits of information 
requires N clock pulses ( bits requires three pulses, 4 bits requires four pulses, 
etc.). Parallel transfer, then, is obviously much faster than serial transfer using shift 
registers. 

In parallel transfer, the output of each FF in register X is connected to a cor- 
responding FF input in register Y. In serial transfer, only the last FF in register X is 
connected to register Y. In general, then, parallel transfer requires more intercon- 
nections between the sending register (X) and the receiving register (Y) than does 
serial transfer. This difference becomes more critical when a greater number of bits 
of information are being transferred. This is an important consideration when the 
sending and receiving registers are remote from each other, since it determines 
how many lines (wires) are needed for the transmission of the information. 

The choice of either parallel or serial transmission depends on the particular 
system application and specifications. Often, a combination of the two types is 
used to take advantage of the speed of parallel transfer and the economy and sim- 
plicity of serial transfer. More will be said later about information transfer. 


REVIEW QUESTIONS 
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0-19  FREOUENCY DIVISION AND GOUNTING 


Refer to Figure 5-47(a). Each FF has its Jand K inputs at the 1 level, so that it will 
change states (toggle) whenever the signal on its CLK input goes from HIGH to 
LOW. The clock pulses are applied only to the CZK input of FF Xo. Output Xo is 
connected to the CZK input of FF Xi, and output X; is connected to the CZK input 
of FF X2. The waveforms in Figure 5-47(b) show how the FFs change states as the 
pulses are applied. The following important points should be noted: 


1. Flip-flop Xo toggles on the negative-going transition of each input clock 
pulse. Thus, the Xo output waveform has a frequency that is exactly one-half 
of the clock pulse frequency. 

2. Flip-flop Xi toggles each time the Xo output goes from HIGH to LOW. The 
waveform has a frequency equal to exactly one-half the frequency of the Xo 
output and therefore one-fourth of the clock frequency. 

3. Flip-flop X2 toggles each time the X; output goes from HIGH to LOW. Thus, 
the X2 waveform has one-half the frequency of X; and therefore one-eighth 
of the clock frequency. 


4. Each FF output is a square wave (50 percent duty cycle). 


As described above, each FF divides the frequency of its input by 2. Thus, if 
we were to add a fourth FF to the chain, it would have a frequency equal to one- 
sixteenth of the clock frequency, and so on. Using the appropriate number of FFs, 


Figure 5-47 _J-K flip-flops wired as a 3-bit binary counter (MOD-8). 
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this circuit could divide a frequency by any power of 2. Specifically, using WN flip- 
flops would produce an output frequency from the last FF which is equal to 1/2% 
of the input frequency. 


Counting Operation _ In addition to functioning as a frequency divider, the 
circuit of Figure 5-47 also operates as a binary counter. This can be demon- 
strated by examining the sequence of states of the FFs after the occurrence of each 
clock pulse. Figure 5-48 presents the results in a state table. Let the X2X1Xo values 
represent a binary number where X2 is in the 2* position, Xi is in the 2' position, 
and Xp is in the 2° position. The first eight X2X1Xo states in the table should be rec- 
ognized as the binary counting sequence from 000 to 111. After the first NGT, the 
FFs are in the 001 state (x. = 0, X%1 = 0, Xo = 1), which represents 0012 (equiva- 
lent to decimal 1); after the second NGT the FFs represent 0102, which is equiva- 
lent to 210; after three pulses, 0112 = 310; after four pulses, 1002 = 410; and so on, 
until after seven pulses, 1112 = 7io. On the eighth NGT the FFs return to the 000 
state, and the binary sequence repeats itself for succeeding pulses. 

Thus, for the first seven input pulses, the circuit functions as a binary counter 
in which the states of the FFs represent a binary number equivalent to the number 
of pulses that have occurred. This counter can count as high as 1112 = 7i0 before 
it returns to OOO. 


oO of |. 0 | Before applying clock pulses 
0 |i. séAtter pulse #1 
oO 1 +01 After pulse #2 
Co #8. #1 After pulse #3 
1 0 0 After pulse #4 
1 0 1 After pulse #5 
1 1 @) After pulse #6 
1 1 1 After pulse #7 
@ 0 0 After pulse #8 recycles to 000 
0) 0 1 After pulse #9 
0 1 0 After pulse #10 
0 1 1 


After pulse #11 


Figure 5-48 Table of flip-flop states shows 
binary counting sequence. 


State Transition Diagram = — Another way to show how the states of the 
FFs change with each applied clock pulse is to use a state transition diagram as il- 
lustrated in Figure 5-49. Each circle represents one possible state as indicated by 
the binary number inside the circle. For example, the circle containing the number 
100 represents the 100 state Gi.e., X2 = 1, X1 = Xo = 0). 

The arrows connecting one circle to another show how one state changes to 
another as a clock pulse is applied. By looking at a particular state circle, we can 
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(8) (oot \ Note: each arrow 


represents the 
occurence of 


(10) : a clock pulse 


Figure 5-49 State transition diagram shows how the states of 
the counter flip-flops change with each applied clock pulse. 


see which state precedes it and which state follows it. For example, looking at the 
OOO state, we see that this state is reached whenever the counter is in the 111 state 
and a clock pulse is applied. Likewise, we see that the 000 state is always followed 
by the 001 state. 

We will use state transition diagrams to help describe, analyze, and design 
counters and other sequential FF circuits. 


MOD Number — The counter of Figure 5-47 has 2° = 8 different states (000 
through 111). It would be referred to as a MOD-S counter, where the MOD num- 
ber indicates the number of states in the counting sequence. If a fourth FF were 
added, the sequence of states would count in binary from 0000 to 1111, a total of 
16 states. This would be called a MOD-16 counter. In general, if N flip-flops are 
connected in the arrangement of Figure 5-47, the counter will have 2” different 
states,and so it is a MOD-2*% counter. It would be capable of counting up to 24-1 
before returning to its zero state. 

The MOD number of a counter also indicates the frequency division ob- 
tained from the last FF. For instance, a 4-bit counter has four FFs, each represent- 
ing one binary digit (bit), and so it is a MOD-2* = MOD-16 counter. It can there- 
fore count up to 15 (= 2*—1). It can also be used to divide the input pulse 
frequency by a factor of 16 (the MOD number). 

We have looked only at the basic FF binary counter. We examine counters in 
much more detail in Chapter 7. 


EXAMPLE D-14 


Assume that the MOD-8 counter in Figure 5-47 is in the 101 state. What will be the 
state (count) after 13 pulses have been applied? 


solution 


Locate the 101 state on the state transition diagram. Proceed around the state dia- 
gram through eight state changes and you should be back in the 101 state. Now 


SECTION 5-19 / FREQUENCY DIVISION AND COUNTING 


211 


212 


continue through five more state changes (for a total of 13) and you should end 
up in the 010 state. 

Notice that since this is a MOD-8 counter with eight states, it takes eight state 
transitions to make one complete excursion around the diagram back to the start- 
ing state. 


EXAMPLE D-15 


Consider a counter circuit that contains six FFs wired in the arrangement of Figure 
5-47, (i.e. XS, X4, X3, X?, AA, Xo). 
(a) Determine the counter’s MOD number. 


(b) Determine the frequency at the output of the last FF (X5) when the input 
clock frequency is 1 MHz. 


(c) What is the range of counting states for this counter? 


(d) Assume a starting state (count) of 000000. What will be the counter’s state 
after 129 pulses? 


Solution 


(a) MOD number = 2° = 64. 


(b) The frequency at the last FF will equal the input clock frequency divided by 


the MOD number. That is, 
1 MHz 
t Xs) = 
tf (at X5) a 


(c) The counter will count from 0000002 to 1111112 (O to 6319) for a total of 64 
states. Note that the number of states is the same as the MOD number. 


= 15.625 kHz 


(d) Since this is a MOD-64 counter, every 64 clock pulses will bring the counter 
back to its starting state. Therefore, after 128 pulses the count is back to 
000000. The 129th pulse brings the counter to the 000001 count. 


REVIEW QUESTIONS 


9-20 MICROCOMPUTER APPLICATION 


Your study of digital systems is still in a relatively early stage, and you have not 
learned very much about microprocessors and microcomputers. However, you can 
get a basic idea of how FFs are employed in a typical microprocessor-controlled 


CHAPTER 5 / FLIP-FLOPS AND RELATED DEVICES 


application without being concerned with all of the details you will need to know 
later. 

Figure 5-50 shows a microprocessor unit (MPU) with its outputs used to 
transfer binary data to register X, which consists of four D flip-flops x3, X2, Xi, Xo. 
One set of MPU outputs is the address code made up of the eight outputs Ais, A14, 
Aj3, Ai2, Ai, Aio, As, As. Most MPUs have at least 16 available address outputs, but 
they are not always all used. A second set of MPU outputs consists of the four 
data lines Dx, D2, D,, Dy. Most MPUs have at least eight available data lines. The 
other MPU output is the clock signal CP. 

Recall that the MPU is the central processing unit of a microcomputer, and its 
main function is to execute a program of instructions stored in the computer’s 
memory. One of the instructions it might execute could be one that tells the MPU 
to transfer a binary number from a storage register within the MPU to the external 
register X. In executing this instruction, the MPU would perform the following 
steps: 


1. Place the binary number onto its data output lines D3 through Dp. 


2. Place the proper address code on its output lines Ais through Ag to select 
register X as the recipient of the data. 


3. Once the data and address outputs are stabilized, the MPU generates the 
clock pulse CP to clock the register and complete the parallel transfer of data 
into X. 


The FFs in register X can be used for many different purposes. For instance, 
in situations where the MPU has performed a calculation and the result is to be 
displayed, each FF can be connected to a single LED so that the binary number 
transferred into X can be readily seen. As another example, the individual FFs can 
control the on/off status of mechanical devices such as motors and solenoids on 
the basis of the binary code sent from the MPU, which in turn is under the control 
of the program the MPU is currently executing. 


Figure 5-50 Example of a microprocessor transferring binary data to an external 
revister. 
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EXAMPLE D-16 


(a) What address code must the MPU generate in order for the data to be trans- 
ferred into X? 


(b) Assume that X3—X) = 0110, Ais5—Ag = 11111111, and D3—Dp = 1011. What 
will be in X after a CP pulse occurs? 


Solution 


(a) In order for the data to be transferred into X, the clock pulse must pass 
through AND gate 2 into the CZK inputs of the FFs. This will happen only if 
the top input of AND gate 2 is HIGH. This means that all of the inputs to 
AND gate 1 must be HIGH; that is, Ai; through Ay must be 1, and Ag must be 
0. Thus, the presence of address code 11111110 is needed to allow data to 
be transferred into X. 


(b) With As = 1, the LOW from AND gate 1 will inhibit CP from getting through 
AND gate 2, and the FFs will not be clocked. Therefore, the contents of reg- 
ister X will not change from 0110. 


0-21 SCHMITT-TRIGGER DEVICES 


A Schmitt-trigger circuit is not classified as a flip-flop, but it does exhibit a type of 
memory characteristic that makes it useful in certain special situations. One of 
those situations is shown in Figure 5-51(a). Here a standard INVERTER is being 
driven by a logic input that has relatively slow transition times. When these transi- 
tion times exceed the maximum allowed values (this depends on the particular 
logic family), the outputs of logic gates and INVERTERs may produce oscillations 
as the input signal passes through the indeterminate range. The same input condi- 
tions can also produce erratic triggering of FFs. 

A device that has a Schmitt-trigger type input is designed to accept slow- 
changing signals and produce an output that has oscillation-free transitions. The 
output will generally have very rapid transition times (typically, 10 ns) that are in- 
dependent of the input signal characteristics. Figure 5-51(b) shows a Schmitt-trig- 
ger INVERTER and its response to a slow-changing input. 

If you examine the waveforms in Figure 5-51(b), you should note that the 
output does not change from HIGH to LOW until the input exceeds the positive- 
going threshold voltage, Vr+. Once the output goes LOW, it will remain there 
even when the input drops back below Vy+ (this is its memory characteristic) until 
it drops all the way down below the negative-going threshold voltage, V;—. The 
values of the two threshold voltages will vary from logic family to logic family, but 
V;— will always be less than Vy+. 

The Schmitt-trigger INVERTER, and all devices with Schmitt-trigger inputs, 
use the distinctive symbol shown in Figure 5-51(b) to indicate that they can reli- 
ably respond to slow-changing input signals. Logic designers use ICs with Schmitt- 
trigger inputs to convert slow-changing signals to clean, fast-changing signals that 
can drive standard IC inputs. 
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Standard INVERTER 


A 
Oscillations may occur 
on output if input 
transition times are 
x too slow 
(a) 
A X 
Schmitt-trigger INVERTER 
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transitions independent 
y of input transition times 


(b) 


Figure 5-51 = (a) If input transition times are too long, a standard logic device- 
output might oscillate or change erratically; (b) a logic device with a Schmitt- 
trigger type of input will produce clean, fast output transitions. 


There are several ICs available with Schmitt-trigger inputs. The 7414, 74LS14, 
and 74HC14 are hex INVERTER ICs with Schmitt-trigger inputs. The 7413, 74LS13, 
and 74HC13 are dual four-input NANDs with Schmitt-trigger inputs. 


REVIEW QUESTIONS 


1. What could occur when a slow-changing signal is applied to a standard 
logic IC? 

2. How does a Schmitt-trigger logic device operate differently from a stan- 
dard logic device? 
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9-22 ONE-SHOT (MONOSTABLE MULTIVIBRATOR) 


A digital circuit that is somewhat related to the FF is the one-shot (abbreviated OS). 
Like the FF, the OS has two outputs, Q and Q, which are the inverse of each other. 
Unlike the FF, the OS has only one stable output state (normally, O = 0, O = 1), 
where it remains until it is triggered by an input signal. Once triggered, the OS 
outputs switch to the opposite state (O = 1, O = 0). It remains in this quasi-sta- 
ble state for a fixed period of time, 4, which is usually determined by an RC time 
constant which results from the values of external components connected to the 
OS. After a time 4, the OS outputs return to their resting state until triggered again. 

Figure 5-52(a) shows the logic symbol for an OS. The value of 4 is often in- 
dicated somewhere on the OS symbol. In practice, 4 can vary from several 
nanoseconds to several tens of seconds. The exact value of f is variable and is de- 
termined by the values of external components ky and Cr. 

Two types of one-shots are available in IC form: the nonretriggerable and 
the retriggerable. 


Nonretriggerable One-Shot = — The waveforms in Figure 5-52 illustrate the 
operation of a nonretriggerable OS that triggers on positive-going transitions at its 
trigger (7°) input. The important points to note are: 


Figure 5-52 OS symbol and typical waveforms for nonretriggerable operation. 
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1. The PGTs at points a, b, c, and e will trigger the OS to its quasi-stable state 
for a time 4, after which it automatically returns to the stable state. 


2. The PGTs at points d and fhave no effect on the OS because it has already 
been triggered to the quasi-stable state. The OS must return to the stable 
state before it can be retriggered. 


3. The OS output-pulse duration is always the same regardless of the duration 
of the input pulses. As stated above, 4 depends only on kr and CG and the 
internal OS circuitry. A typical OS may have a & given by & = 0.7RrCr. 


Retriggerable One-Shot — The retriggerable OS operates much like the 
nonretriggerable OS except for one major difference: it can be retriggered while it 
is in the quasi-stable state, and it will begin a new ty interval. Figure 5-53(a) com- 
pares the response of both types of OS using a & of 2 ms. Let’s examine these 
waveforms. 

Both types of OS respond to the first trigger pulse at ¢ = 1 ms by going 
HIGH for 2 ms and then returning LOW. The second trigger pulse at ¢ = 5 ms trig- 
gers both one-shots to the HIGH state. The third trigger pulse at t = 6 ms has no 
effect on the nonretriggerable OS, since it is already in its quasi-stable state. How- 
ever, this trigger pulse will retrigger the retriggerable OS to begin a new 4 = 2 ms 
interval. Thus, it will stay HIGH for 2 ms after this third trigger pulse. 

In effect, then, a retriggerable OS begins a new @ interval each time a trigger 
pulse is applied, regardless of the current state of its Q output. In fact, trigger 
pulses can be applied at a rate fast enough that the OS will always be retriggered 
before the end of the 4 interval and QO will remain HIGH. This is shown in Figure 
5-53(b), where eight pulses are applied every 1 ms. O does not return LOW until 
2 ms after the last trigger pulse. 


Figure 5-53. (a) Comparison of nonretriggerable and retrigger- 
able OS responses for 4, = 2 ms. (b) Retriggerable OS begins a 
new f, internal each time it receives a trigger pulse. 
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Figure 5-54 Logic symbols for the 74121 nonretriggerable one-shot: (a) traditional; (b) IEEE/ANSI. 
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Actual Devices There are several one-shot ICs available in both the retrig- 
gerable and nonretriggerable versions. The 74121 and 741121 are single nonretrig- 
gerable one-shot ICs; the 74221, 74LS221, and 74HC221 are dual nonretriggerable 
one-shot ICs; the 74122 and 74LS122 are single retriggerable one-shot ICs; the 
74123, 74LS123, and 74HC123 are dual retriggerable one-shot ICs. 

Figure 5-54(a) shows the traditional symbol for the 74121 nonretriggerable 
one-shot IC. Note that it contains internal logic gates to allow inputs A), 42, and B 
to trigger the OS in a variety of ways. The B input is a Schmitt-trigger type input 
that is allowed to have slow transition times and still reliably trigger the OS. The 
pins labeled Rint, Rext/Cext, and Crexr are used to connect an external resistor and 
capacitor to achieve the desired output pulse duration. Figure 5-54(b) is the 
IEEE/ANSI symbol for the 74121 nonretriggerable OS. Note how this symbol repre- 
sents the logic gates. Also notice the presence of a small pulse with 1 in front of it. 
This indicates that the device is a nonretriggerable OS. The IEEE/ANSI symbol for 
a retriggerable OS would not have the 1 in front of the pulse. 


Monostable Multivibrator = One-shots are also called monostable multivi- 
brators because they have only one stable state. The major applications of the OS 
are in timing circuits that utilize the predetermined 4, interval. Some of these appli- 
cations will be introduced in the end-of-chapter problems and at various places 
throughout the text. 


REVIEW QUESTIONS 


a In ine absence Gr a trigger pulse, ik will be the state of: a os output? 


pee Th rue or “false: When a nonretriggerable OS is es while it is in its quasi- 
- stable state, the output is not affected. | 
LS. What determines the 4 value for a os? 


cid Describe how a retriggerable os operates differently from a nonretrigger- 
able Os. 
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9-23 ANALYZING SEQUENTIAL CIRCUITS 


Many logic circuits contain FFs, one-shots, and logic gates that are connected to 
perform a specific operation. Very often, a master clock signal is used to cause the 
logic levels in the circuit to go through a particular sequence of states. We can 
generally analyze these sequential circuits by following the procedure demon- 
strated in the following example. 


EXAMPLE 0-1/7 


Consider the circuit of Figure 5-55. Initially, all the FF outputs are in the 0 state be- 
fore the clock pulses are applied. These pulses have a repetition rate of 1 kHz. 
Determine the waveforms at X, Y, Z, and A for eight cycles of the clock input. 


Figure 5-55 Example 5-17. 
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Solution 


FFs X, Y, and Z are connected as a 3-bit counter which will count the clock pulses 
provided that the Jand K inputs of FF Z, which are driven by the NAND gate out- 


put A, are in the HIGH state. The NAND gate inputs are driven by the xX, Y, and 
Z outputs. 


The FFs are all initially in the 0 state. The NAND inputs are 0, 1, and 1, respec- 
tively, so that A is a HIGH. All /, K inputs are 1. These states are shown on the cir- 
cuit diagram in color. 


The NGT of the first pulse will toggle Z to the 1 state, and X and Y remain LOW. 
See the waveforms of Figure 5-55. 


With Z now at 1, the NAND inputs are 0, 1, and 0, respectively, so that prior to the 
second clock pulse, A is still HIGH, all /, K inputs are HIGH, and each FF is ready 
to toggle (you may want to update these logic levels on the circuit diagram). The 
second NGT of the clock toggles Z from 1 to 0; the NGT at Z then toggles Y from 
0 to 1. X remains at 0. See the waveforms. 

Prior to the third clock pulse, the NAND inputs are 0, 0, and 1, respectively, 
so A is still HIGH and all /, K inputs are HIGH. The third NGT of the clock toggles 
Z from 0 to 1 while X and Yremain unchanged. See the waveforms. 

Prior to the fourth clock pulse, the NAND inputs are all 0, so that output A 
and all /, K inputs are still HIGH. The fourth NGT toggles Z from 1 to 0, which in 
turn toggles Y from 1 to 0, which in turn toggles X from 0 to 1. See the wave- 
forms. 

Prior to the fifth clock pulse, the NAND inputs are all 1, so that output A is 
LOW. This places a LOW at the / and K inputs of FF Z so that it is in the no- 
change mode. The fifth NGT will have no effect on Zand none of the logic levels 
in the circuit will change. In fact, none of the succeeding NGTs will cause any 
changes; the counter is prevented from counting any further. See the waveforms. 


9-24 ASTABLE MULTIVIBRATORS 


Flip-flops have two stable states; therefore, we can say that they are bistable multi- 
vibrators. One-shots have one stable state, and so we call them monostable multi- 
vibrators. A third type of multivibrator has no stable states; it is called an astable or 
free-running multivibrator. This type of logic circuit switches back and forth (os- 
cillates) between two unstable output states. It is useful for providing clock signals 
for synchronous digital circuits. 
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7414 
or equivalent 


IC Frequency 
= = 7414 =Q.8/RC (R<500 Q) 
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C 2100p 74L$14 | ~0.8/RC (R <2 kQ) 
74HC14 | =1.2/RC (R<10 MQ) 


Figure 5-56 Schmitt-trigger oscillator. A 7413 Schmitt-trigger NAND may also be 
used. 


There are several types of astable multivibrators in common use. We will pre- 
sent two of them without any attempt to analyze their operation. They are pre- 
sented here so that you can construct a clock generator circuit if needed for a pro- 
ject or for testing digital circuits in the lab. 


Schmitt-Trigger Oscillator — Figure 5-56 shows how a Schmitt-trigger IN- 
VERTER can be connected as an oscillator. The signal at Vour is an approximate 
square wave with a frequency that depends on the R and C values. The relation- 
ship between the frequency and RC values is shown in Figure 5-56 for three differ- 
ent Schmitt-trigger INVERTERs. Note the maximum limits on the resistance value 
for each device. The circuit will fail to oscillate if R is not kept below these limits. 


000 Timer Used as an Astable Multivibrator — The 555 timer IC is a 
TTL-compatible device that can operate in several different modes. Figure 5-57 
shows how external components can be connected to a 555 so that it operates as 


Figure 5-57 555 timer IC used as an astable multivibrator. 
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a free-running oscillator. Its output is a repetitive rectangular waveform that 
switches between two logic levels with the time intervals at each logic level deter- 
mined by the Rand C’ values. The formulas for these time intervals, 4 and h, and 
the overall period of the oscillations, 7; are given in the figure. The frequency of 
the oscillations is, of course, the reciprocal of 7: As the formulas in the diagram in- 
dicate, the 4 and & intervals cannot be equal unless Ry is made zero. This cannot 
be done without producing excess current through the device. This means that it 
is impossible to produce a perfect 50 percent duty-cycle square wave output. It is 
possible, however, to get very close to a 50 percent duty cycle by making Rs >> 
Rk, (while keeping R, greater than 1 kQ)), so that 4 = h, 


EXAMPLE 5-18 


Calculate the frequency and duty cycle of the 555 astable multivibrator output for: 
C= 0.001 pF, Ry = 2.2 kO, and Rg = 100 kQ. 


Solution 

f = 0.6093(100 kQ)(0.001 wF) = 69.3 ps 

b = 0.693(102.2 kQ)(0.001 pF) = 70.7 ps 

T = 69.3 + 70.7 = 140 ps 

f= 1/140 ps = 7.29 kHz 

duty cycle = 70.7/140 = 50.5% 

Note that the duty cycle is close to 50 percent (square wave) because Rs is much 
greater than Ry. It can be made even closer to 50 percent by making Rg even 
larger compared with R4. For instance, you should verify that if we change R, to 
1 kQO Gts minimum allowed value), the results are f= 7.18 kHz and duty cycle = 
50.5 percent. 


REVIEW SAUER: 


Li | Determine as approxi me frequency i a Schn r 
uses a 74HC14, Re 16 ‘AC , and C= 0. 005 pe 
2. ‘Determine the approximate. frequency and op 
for Has = Re= = 2.2 ee and Ce = 1000 pF 


0-20 TROUBLESHOOTING FLIP-FLOP CIRCUITS 


Flip-flop ICs are susceptible to the same kinds of internal and external faults that 
occur in combinational logic circuits. All of the troubleshooting ideas that were 
discussed in Chapter 4 can readily be applied to circuits that contain FFs as well as 
logic gates. 

Because of their memory characteristic, FF circuits with one or more faults 
will often exhibit symptoms that would not occur in combinational circuits. Some 
of these are described below. 
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Open Inputs Unconnected or floating inputs of any logic circuit are particu- 
larly susceptible to picking up spurious voltage fluctuations called noise. If the 
noise is large enough in amplitude and long enough in duration, the logic circuit’s 
output may change states in response to the noise. In a logic gate, the output will 
return to its original state when the noise signal subsides. In a FF, however, the 
output will remain in its new state because of its memory characteristic. Thus the 
effect of noise pickup at any open input is usually more critical for a FF or latch 
than it is for a logic gate. 

The most susceptible FF inputs are those that can trigger the FF to a different 
state—such as the CLK, PRESET, and CLEAR. Whenever you see a FF output that is 
changing states erratically, you should consider the possibility of an open connec- 
tion at one of these inputs. 


EXAMPLE 5-19 


Figure 5-58 shows a 3-bit shift register made up of TTL flip-flops. Initially, all of 
the FFs are in the LOW state before clock pulses are applied. As clock pulses are 
applied, each PGT will cause the information to shift from each FF to the one on 
its right. The diagram shows the “expected” sequence of FF states after each clock 
pulse. Since f, = 1 and k2 = 0, flip-flop X2 will go HIGH on clock pulse 1 and will 
stay there for all subsequent pulses. This HIGH will shift into Xi, and then Xo on 
clock pulses 2 and 3, respectively. Thus, after the third pulse, all FFs will be HIGH 
and should remain there as pulses are continually applied. 


Figure 5-58 Example 5-19. 
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Now let’s suppose that the “actual” response of the FF states is as shown in 
the diagram. Here the FFs change as expected for the first three clock pulses. 
From then on, flip-flop Xo, instead of staying HIGH, alternates between HIGH and 
LOW. What possible circuit fault can produce this operation? 


Solution 


On the second pulse, X; goes HIGH. This should make /f = 1, Ko = 0 so that all 
subsequent clock pulses should set Xo = 1. Instead, we see Xo changing states 
(toggling) on all pulses after the second one. This toggle operation would occur if 
Jo and Ko were both HIGH. The most probable fault is a break in the connection 
between X; and Ko. Recall that a TTL device responds to an open input as if it 
were a logic HIGH, so that an open at Ko is the same as a HIGH. 


Shorted Outputs The following example will illustrate how a fault in a FF 
circuit can cause a misleading symptom that may result in a longer time to isolate 
the fault. 


EXAMPLE 50-20 


Consider the circuit in Figure 5-59 and examine the logic probe indications shown 
in the accompanying table. There is a LOW at the D input of the FF when pulses 
are applied to its CLK input, but the QO output fails to go to the LOW state. The 
technician testing this circuit considers each of the following possible circuit faults: 


1. Z2-5 is internally shorted to Vcc. 

2. Z1-4 is internally shorted to Vcc. 

3. Z2-5 or Z1-4 is externally shorted to Vcc. 
+t 


. Z2-4 is internally or externally shorted to GROUND. This would keep PRE 
activated and would override the CZK input. 


5. There is an internal failure in Z2 that prevents QO from responding properly to 
its inputs. 


The technician, after making the necessary ohmmeter checks, rules out the 
first four possibilities. He also checks Z2’s Veco and GROUND pins and finds that 
they are at the proper voltages. He is reluctant to unsolder Z2 from the circuit until 
he is certain it is faulty, and so he decides to look at the clock signal. He uses an 
oscilloscope to check its amplitude, frequency, pulse width, and transition times. 
He finds that they are all within the specifications for the 74LS74. Finally, he con- 
cludes that Z2 is faulty. 

He removes the 74LS74 chip and replaces it with another one. To his dismay, 
the circuit with the new chip behaves in exactly the same way. After scratching his 
head, he decides to change the NAND gate chip, although he doesn’t know why. 
As expected, he sees no change in the circuit operation. 

Becoming more puzzled, he recalls his electronics lab instructor emphasizing 
the value of performing a thorough visual check on the circuit board, and so he 
begins to examine it carefully. While he is doing that, he detects a solder bridge 
between pins 6 and 7 of Z2. He removes it and tests the circuit, and it functions 
correctly. Explain how this fault produced the operation observed. 
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Figure 5-59 Example 5-20. 


solution 


The solder bridge was shorting the Q output to GROUND. This means that OQ is 
permanently stuck LOW. Recall that in all latches and FFs, the QO and Q outputs 
are internally cross-coupled so that the level on one will affect the other. For ex- 
ample, take another look at the internal circuitry for a J-K flip-flop in Figure 5-23. 
Note how a constant LOW at QO would keep a LOW at one input of NAND gate 3 
so that QO would have to stay HIGH regardless of the conditions at /, K, and CLK. 

The technician learned a valuable lesson about troubleshooting FF circuits. 
He learned that both outputs should be checked for faults, even those that are not 
connected to other devices. 


Clock Skew One of the most common timing problems in synchronous cir- 
cuits is clock skew. One type of clock skew occurs when a clock signal, because of 
propagation delays, arrives at the CLK inputs of different FFs at different times. In 
many situations the skew can cause a FF to go to a wrong state. This is best illus- 
trated with an example. 

Refer to Figure 5-60(a), where the signal CLOCK1 is connected directly to FF 
Q,, and indirectly to Q2 through a NAND gate and INVERTER. Both FFs are sup- 
posed to be clocked by the occurrence of a NGT of CLOCK1 provided that X is 
HIGH. If we assume that initially OQ, = Q2 = 0 and X = 1, the NGT of CLOCK1 
should set QO; = 1 and have no effect on Q2. The waveforms in Figure 5-60(b) 
show how clock skew can produce incorrect triggering of Qo. 

Because of the combined propagation delays of the NAND gate and IN- 
VERTER, the transitions of the CLOCK2 signal are delayed with respect to CLOCK1 
by an amount of time 4. The NGT of CLOCK2 arrives at Q2’s CLK input 4 later 
than the NGT of CLOCK1 appears at Q,’s CLK input. This 4 is the clock skew. The 
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CLOCK 1 


total delay = t, 


(a) 


assume X = HIGH 


CLOCK 1 


Q; 


CLOCK 2 


Q2 is supposed 
to remain LOW 


t3 


t, = skew = combined delay of NAND gate and INVERTER 
tz = tpLy of Q, 
tz = tpLy of Qz 


(b) 


Figure 5-60 Clock skew occurs when two flip-flops that are supposed to 
be clocked simultaneously are clocked at slightly different times due to a 
delay in the arrival of the clock signal at the second flip-flop. 
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NGT of CLOCK1 will cause Q; to go HIGH after a time bh which is equal to Qy’s 
iin propagation delay. If & is less than the skew tH, OQ; will be HIGH when the 
NGT of CLOCK2 occurs, and this may incorrectly set Qo = 1 if its setup time re- 
quirement, és, is met. 

For example, assume that the clock skew is 40 ns and the fry of Q; is 25 ns. 
Thus, Q; will go HIGH 15 ns before the NGT of CLOCK2. If Qo’s setup time re- 
quirement is smaller than 15 ns, Q2 will respod to the HIGH at its D input when 
the NGT of CLOCK2 occurs and Q2 will go HIGH. This, of course, is not the ex- 
pected response of Q2. It is supposed to remain LOW. 

The effects of clock skew are not always easy to detect, because the re- 
sponse of the affected FF may be intermittent (sometimes it works correctly, some- 
times it doesn’t). This is because the situation is dependent on circuit propagation 
delays and FF timing parameters, which vary with temperature, length of connec- 
tions, power supply voltage, and loading. Sometimes just connecting an oscillo- 
scope probe to a FF or gate output will add enough load capacitance to increase 
the device’s propagation delay so that the circuit functions correctly; then when 
the probe is removed, the incorrect operation reappears. This is the kind of situa- 
tion that explains why some technicians are prematurely gray. 

Problems caused by clock skew can be eliminated by equalizing the delays 
in the various paths of the clock signal so that the active transition arrives at each 
FF at approximately the same time. This is examined in Problem 5-49. 


REVIEW QUESTION 


1. What is clock skew? How can it cause a problem? _ a 


5-26 FLIP-FLOP SUMMARY 


1. NOR gate Latch (Figure 5-61) 


Ser 
Q 
Normally 
low 
fe) (Alternate symbol) 
CLEAR 
Figure 5-61 
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2. NAND gate latch (Figure 5-62) 


SET 
O 
S Q 
Normally O} S Q 0 Invalid 
high 7 1 _ =f 
(4C Q 0 ) Q=1 
1 | | No change 
0 (Alternate symbol) 
CLEAR 
Figure 5-62 


3. Edge-triggered S-C flip-flop (Figure 5-63) 


S C 6) 

0 0 | | Qo (no change) 
1 0 | 

0 1 | 0 

1 1 1 Ambiguous 


J of CLK has no effect on Q 


Figure 5-63 


4. Edge-triggered J-K flip-flop (Figure 5-64) 


Qg (no change) 
1 
0 


i Q (toggles) 


J of CLK has no effect on Q 


Figure 5-64 


5. Edge-triggered D flip-flop (Figure 5-65) 


Figure 5-65 


J of CLK has no effect on Q 
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6. D latch (Figure 5-66) 


*Q follows D input 
while EN is HIGH 


Figure 5-66 


7. Asynchronous inputs (Figure 5-67) 


No effect; FF can respond to J, K and CLK 


1 OQ = 0 independent of synchronous inputs 
0 _| Q = 1 independent of synchronous inputs 
0 0 || Ambiguous (not used) 


*CLK can be in any state 


Figure 5-67 


PROBLEMS 


SECTIONS 5-1 TO 5-3 


5-1. Assuming that Q = 0 initially, apply the x and y waveforms of Figure 5-68 
to the SET and CLEAR inputs of a NAND latch and determine the Q and O 
waveforms. 


5-2. Invert the x and y waveforms of Figure 5-68, apply them to the SET and 
CLEAR inputs of a NOR latch, and determine the Q and O waveforms. As- 
sume that O = 0 initially. 
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Figure 5-68 


5-3. The waveforms of Figure 5-68 are connected to the circuit of Figure 5-69. 
Assume that O = 0 initially, and determine the O waveform. 


Figure 5-69 


5-4. Modify the circuit of Figure 5-9 to use a NOR gate latch. 
5-5. Modify the circuit of Figure 5-12 to use a NAND gate latch. 


5-6. Refer to the circuit of Figure 5-13. A technician tests the circuit operation 
by observing the outputs with a storage oscilloscope while the switch is 
moved from A to B. When the switch is moved from A to B, the scope 
display of Xz appears as shown in Figure 5-70. What circuit fault could 
produce this result? (Hint: What is the function of the NAND latch?) 


Xp 


1 ms ————>| 


Figure 5-70 


SECTIONS 5-4 AND 5-5 


5-7. A certain clocked FF has minimum 4&4 = 20 ns and f#; = 5 ns. How long 
must the control inputs be stable prior to the active clock transition? 


5-8. Apply the S, C, and CLK waveforms of Figure 5-17 to the FF of Figure 5-18 
and determine the Q waveform. 


5-9. A toggle FF is one that has a single input and operates in such a way that 
the FF output changes state for each pulse applied to its input. The 
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clocked S-C flip-flop can be wired to operate in the toggle mode, as 
shown in Figure 5-71. The waveform applied to the CZK input is a 1-kHz 
square wave. Verify that this arrangement operates in the toggle mode; 
then determine the Q output waveform. Assume that O = 0 initially. 


1 kHz 


Figure 5-71 


SECTION 5-6 


5-10. 


5-11. 


5-12. 


Apply the J, K, and CZK waveforms of Figure 5-21 to the FF of Figure 
5-22. Assume that O = 1 initially and determine the Q waveform. 


(a) Show how the J-K flip-flop can be operated as a toggle FF. Apply a 
10-kHz square wave to its input and determine its output waveform. 

(b) Connect the QO output of the FF from Problem 5-11(a) to the CLK 
input of a second J-K flip-flop that also has / = K = 1. Determine the 
frequency of the waveform at the second FF output. 


The waveforms shown in Figure 5-72 are to be applied to two different 
FFs: (a) positive-edge-triggered J-K; (b) negative-edge-triggered J-K. Draw 
the Q waveform response for each of these FFs, assuming that Q = 0 ini- 
tially. Assume that each FF has f; = 0. 


Figure 5-72 


SECTION 5-7 


5-13. 


A D FF is sometimes used to delay a binary waveform so that the binary 
information appears at the output a certain amount of time after it appears 
at the D input. (a) Determine the QO waveform in Figure 5-73 and compare 
it with the input waveform. Note that it is delayed from the input by one 
clock period. (b) How can a delay of two clock periods be obtained? 
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Output 
data 


* *Assume ty(min) = 0 
Figure 5-73 
5-14. An edge-triggered D flip-flop can be made to operate in the toggle mode 


by connecting it as shown in Figure 5-74. Assume that Q = 0 initially and 
determine the Q waveform. 


tkHz [ |] | 


Figure 5-74 _D flip-flop connected to toggle. 


5-15. Change the circuit in Figure 5-74 so that O is connected back to D. Then 
determine the Q waveform. 


SECTION 5-8 


5-16. Compare the operation of the D latch with a negative-edge-triggered D 
flip-flop by applying the waveforms of Figure 5-75 to each and determin- 
ing the Q waveforms. 


eT LI Le 
0 
0 


Q o-—_— 
Figure 5-75 


5-17. In Problem 5-14 we saw how an edge-triggered D flip-flop can be oper- 
ated in the toggle mode. Explain why this same idea will not work for a D 
latch. 


SECTION 5-9 


5-18. Determine the Q waveform for the FF in Figure 5-76. Assume that O = 0 
initially and remember that the asynchronous inputs override all other in- 
puts. 
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0 
1 
PRESET | | 
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Figure 5-76 


5-19. Apply the CLK, PRESET, and CLEAR waveforms of Figure 5-31 to a positive- 
edge-triggered D flip-flop with active-LOW asynchronous inputs. Assume 
that D is kept HIGH and Q is initially LOW. Determine the Q waveform. 

5-20. Examine the IEEE/ANSI symbol for the 74276 flip-flop IC in Figure 5-77. 
(a) Is it possible to set or clear individual flip-flops asynchronously 

without affecting the others? 
(b) What input conditions are necessary to cause output 10 to toggle? 
(Note the overbar on the K inputs.) 


74276 
PRE 1S 
1J 1J 
1CLK > C1 
2J 

2K a 
3 

3K > 
AJ 

AK > 
Figure 5-77 


SECTION 5-11 


5-21. Use Table 5-2 in Section 5-11 to determine the following. 


10 


20 


©1 6) 


4Q 


(a) How long can it take for the Q output of a 4013B to switch from 0 to 


1 in response to an active CZK transition? 


(b) Which FF in Table 5-2 requires its control inputs to remain stable for 


the longest time after the active CZK transition? 


(c) What is the narrowest pulse that can be applied to the PRE of a 7474 FF? 
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5-22. Refer to the circuit of Figure 5-78. It shows the two J-K flip-flops on a 
74LS112 chip connected so that the Q; output serves as the CZK input for 
the Q> flip-flop. Assume that Q; = Q2 = 1 initially, and determine the /otal 
propagation delay between the NGT of the clock pulse and the NGT of Qo. 


74L8112 74L8112 


Figure 5-78 


SECTIONS 5-15 AND 5-16 
5-23. Modify the circuit of Figure 5-40 to use a J-K flip-flop. 


5-24. In the circuit of Figure 5-79 the inputs A, B, and C are all initially LOW. 
Output Y is supposed to go HIGH only when A, B, and C go HIGH ina 
certain sequence. 

(a) Determine the sequence that will make Y go HIGH. 
(b) Explain why the START pulse is needed. 
(c) Modify this circuit to use D FFs. 


| | Start 


Figure 5-79 


SECTIONS 5-17 AND 5-18 


5-25. (a) Draw a circuit diagram for the synchronous parallel transfer of data 
from one 3-bit register to another using J-K flip-flops. 
(b) Repeat for asynchronous parallel transfer. 


5-26. A recirculating shift register is a shift register that keeps the binary infor- 
mation circulating through the register as clock pulses are applied. The 
shift register of Figure 5-45 can be made into a circulating register by con- 
necting Xo to the DATA IN line. No external inputs are used. Assume that 
this circulating register starts out with 1011 stored in it (that is, x3 = 1, 
xX, = 0, X1 = 1, and Xp = 1). List the sequence of states that the register 
FFs go through as eight shift pulses are applied. 

5-27. Refer to Figure 5-46, where a 3-bit number stored in register X is serially 
shifted into register Y¥. How could the circuit be modified so that at the 
end of the transfer operation, the original number stored in X is present in 
both registers? (Hint: See Problem 5-206.) 
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SECTION 5-19 


5-28. 


5-29. 


5-30. 


5-31. 


5-32. 


5-33. 


5-34. 


Refer to the binary counter of Figure 5-47. Change it by connecting Xo to 
the CLK of flip-flop X, and X; to the CLK of flip-flop X3. Start out with all 
FFs in the 1 state and draw the various FF output waveforms (Xo, Xi, X2) 
for 160 input pulses. Then list the sequence of FF states as was done in Fig- 
ure 5-48. This counter is called a down counter. Why? 


Draw the state transition diagram for this down counter and compare it 
with the diagram of Figure 5-49. How are they different? 


Show how clocked D flip-flops can be used in a counter such as that in 
Figure 5-47. (Hint: See Problem 5-14.) 


(a) How many FFs are required to build a binary counter circuit that 

counts from 0 to 1023? 

(b) Determine the frequency at the output of the last FF of this counter 
for an input clock frequency of 2 MHz. 

(c) What is the counter’s MOD number? 

(d) If the counter is initially at zero, what count will it hold after 2060 pulses? 


A certain counter is being pulsed by a 256-kHz clock signal. The output 
frequency from the last FF is 2 kHz. 

(a) Determine the MOD number. 

(b) Determine the counting range. 


A photodetector circuit is being used to generate a pulse each time a cus- 
tomer walks into a certain establishment. The pulses are fed to an 8-bit 
counter. The counter is used to count these pulses as a means for deter- 
mining how many customers have entered the store. After closing the 
store, the proprietor checks the counter and finds that it shows a count of 
000010012 = 910. He knows that this is incorrect, because there were many 
more than nine people in his store. Assuming that the counter circuit is 
working properly, what could be the reason for the discrepancy? 


Draw the state transition diagram for a MOD-16 counter. 
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5-35. 


4 5-36. 


Modify the circuit of Figure 5-50 so that only the presence of address code 
10110110 will allow data to be transferred to register X. 


Suppose that the circuit of Figure 5-50 is malfunctioning so that data are 
being transferred to X for either of the address codes 11111110 or 
11111111. What are some circuit faults that could be causing this? 


SECTION 5-22 


3-37 - 


Determine the waveforms at Q:, Q2, and Q; in response to the single input 
pulse in Figure 5-80. 


Figure 5-80 


tp = 20 ms Q, tp = 10 ms Q3 
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5-38. 


5-39. 


A retriggerable OS can be used as a pulse-frequency detector that detects 
when the frequency of a pulse input is below a predetermined value. A 
simple example of this application is shown in Figure 5-81. The operation 
begins by momentarily closing switch 5S}. 

(a) Describe how the circuit responds to input frequencies above 1 kHz. 
(b) Describe how the circuit responds to input frequencies below 1 kHz. 
(c) How would you modify the circuit to detect when the input frequency 

drops below 50 kHz? 


+5 V 


OUTPUT 
Input pulses 


O+5V 
*retriggerable | C4 


Figure 5-81 


Refer to the logic symbol for a 74121 nonretriggerable one-shot in Figure 

5-54(a). 

(a) What input conditions are necessary for the OS to be triggered by a 
signal at the B input? 

(b) What input conditions are necessary for the OS to be triggered by a 
signal at the A; input? 


. The output pulse width from a 74121 OS is given by the approximate formula 


by = 07 hr 

where Rr is the resistance connected between the Rexr/Cexr pin and Vac, 

and Cy is the capacitance connected between the Crxr pin and the 

Rext/Cexr pin. The value for Rr can be varied between 2 and 40 kQ, and 

Cy can be as large as 1000 pF. 

(a) Show how a 74121 can be connected to produce a negative-going 
pulse with a 5-ms duration whenever either of two logic signals CZ or F) 
makes a NGT. Both Zand Fare normally in the HIGH state. 

(b) Modify the circuit so that a control input signal, G, will inhibit the OS 
output pulse regardless of what occurs at F or F. 
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ig 5-41. 


Consider the circuit of Figure 5-82. Initially all FFs are in the 0 state. The 
circuit operation begins with a momentary start pulse applied to the 
PRESET inputs of FFs X and Y. Determine the waveforms at A, B, C, X, 
Y, Z, and W for 20 cycles of the clock pulses after the start pulse. State 
all assumptions. 
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5-42. 


Show how to use a 74LS14 Schmitt-trigger INVERTER to produce an ap- 
proximate square wave with a frequency of 10 kHz. 
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Start pulse 


Wy 


Figure 5-82 


5-43. 


5-44. 


5-45. 


Design a 555 free-running oscillator to produce an approximate square 
wave at 40 kHz. C’should be kept at 100 pF or greater. 

A 555 oscillator can be combined with a J-K flip-flop to produce a perfect 
(50 percent duty cycle) square wave. Modify the circuit of Problem 5-43 to 
include a J-K flip-flop. The final output is still to be a 40-kHz square wave. 
The circuit in Figure 5-83 can be used to generate two nonoverlapping 
clock signals at the same frequency. These clock signals are used in some 
microprocessor systems that require four different clock transitions to syn- 
chronize their operations. Draw the CP1 and CP2 waveforms in response 
to a 1-MHz input clock frequency. 


Figure 5-83 


CP1 


CLOCK 


CPZ 
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SECTION 5-25 


4 5-46. 


Refer to the counter circuit in Figure 5-47. Assume that all asynchronous 
inputs are connected to Vcc. When tested, the circuit waveforms appear as 
shown in Figure 5-84. Consider the following list of possible faults. For 
each one indicate “yes” or “no” as to whether it could cause the observed 
results. Explain each response. 

(a) CLR input of X2 is open. 

(b) Xj output’s transition times are too long, possibly due to loading. 

(c) X2 output shorted to ground. 

(d) 2’s hold-time requirement is not being met. 


Figure 5-84 


4 5-49. 
4 5-50. 


4 5-51. 


. Refer to the circuit of Figure 5-46. All FFs are TTL ICs. Assume the follow- 


ing initial conditions: %»X1Xo = 100 and YY = O11. After four shift 
pulses, the conditions are X2X1Xo = 001 and 2% = 111. Subsequent 
shift pulses produce no change in any of the FFs. What are some of the 
possible causes of this faulty operation? 


. Consider the situation of Figure 5-60 for each of the following sets of timing 


values. For each indicate whether or not flip-flop Q2 will respond correctly. 
(a) Each FFE: ity = 12 Ns; ipa, = 8 NS; I, = 5 NS; fy = O ns 

NAND gate: fin = 8 ns; feu, = 6 ns 

INVERTER: tein = 7 NS; fpur = 5 ns 
(b) Each FF: tppyy = 10 ns; fy, = 8 ns; & = 5 ns; fy = Ons 

NAND gale: fry = 12 Ns; fpHL = 10 ns 

INVERTER: tpyp = 8 Ns; Py = 6 ns 


Show and explain how the clock skew problem in Figure 5-60 can be 
eliminated by the appropriate insertion of two INVERTERs. 


Refer to the circuit of Figure 5-55. Describe how the circuit operation will 
change for each of the following faults. 

(a) An internal short to ground at the NAND gate’s top input 

(b) An open connection to the /input of FF Z 

(c) An open connection to the bottom input of the NAND gate 

Refer to the circuit of Figure 5-85. Assume that the ICs are of the TTL logic 
family. The Q waveform was obtained when the circuit was tested with 
the input signals shown and with the switch in the “up” position; it is not 
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Figure 5-85 = Problem 5-51. 


correct. Consider the following list of faults, and for each indicate “yes” or “no” as to 

whether it could be the actual fault. Explain each response. 

(a) Point X is always LOW due to a faulty switch. 

(b) Z1 pin 1 is internally shorted to Vcc. 

(c) The connection from Z1-3 to Z2-3 is broken. 

(d) There is a solder bridge between pins 6 and 7 of Z1. 
ws 5-52. The circuit of Figure 5-86 functions as a sequential combination lock. To operate the 
cat lock, proceed as follows: 


1. Momentarily activate the RESET switch. 

2. Set the switches SWA, SWB, and SWC to the first part of the combination Then mo- 
mentarily toggle the ENTER switch back and forth. 

3. Set the switches to the second part of the combination, and _ toggle 
ENTER again. This should produce a HIGH at Q2 to open the lock. 
If the incorrect combination is entered in either step, the operator must start the 
sequence over. Analyze the circuit and determine the correct sequence of combi- 
nations that will open the lock. 
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D Q, 
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D Q, OPEN LOCK 
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Figure 5-86 Problems 5-52 and 5-53. 


5-53. When the combination lock of Figure 5-86 is tested, it is found that enter- 
wy. ing the correct combination does not open the lock. A logic probe check 
“\/< shows that entering the correct first combination sets Q, HIGH, but enter- 
ing the correct second combination produces only a momentary pulse at 
Q2. Consider each of the following faults and indicate which one(s) could 
produce the observed operation. Explain each choice. 
(a) Switch bounce at SWA, SWB, or SWC. 
(b) CLR input of Q2 is open. 
(c) Connection from NAND gate 4 output to NAND gate 3 input is open. 


DRILL QUESTIONS 


5-54. For each statement indicate what type of FF is being described. 
(a) Has a SET and a CLEAR input but does not have a CLK input 
(b) Will toggle on each CLK pulse when its control inputs are both HIGH 
(c) Has an ENABLE input instead of a CLK input 
(d) Is used to easily transfer data from one FF register to another 
(e) Has only one control input 
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(f) Has two outputs that are complements of each other 
(g) Can change states only on the active transition of CLK 


(h) Is used in binary counters 


5-55. Define the following terms. 
(a) Asynchronous inputs 
(b) Edge-triggered 
(c) Shift register 
(d) Frequency division 


(e) Asynchronous (jam) transfer 


(f) State transition diagram 
(g) Parallel data transfer 
(h) Serial data transfer 

G) Retriggerable one-shot 
G) Schmitt-trigger inputs 


ANSWERS TO SECTION REVIEW QUESTIONS 


SECTION 5-1 


1. HIGH; LOW 2. Q0=0,0=1 
3. True 4. Apply a momentary LOW 
to SET input. 


SECTION 5-2 


1. LOW, HIGH 2. Q=1andQ=0 
3. Make CLEAR = 1 4. SET and 
CLEAR would both be normally in their 
active-LOW state. 


SECTION 5-4 


1. Synchronous control inputs and clock 
input 2. The FF output can change 
only when the appropriate clock transition 
OCCUrs. 5. True 4. Setup time is 
the required interval immediately prior to 
the active edge of the CZK signal during 
which the control inputs must be held 
stable. Hold time is the required interval 
immediately following the active edge of 
CLK during which the control inputs must 
be held stable. 


SECTION 5-5 


1. It will go HIGH. 2. because Ci" 
is HIGH only for a few nanoseconds 


SECTION 5-6 


1. True 2. No 3. /=1, K=0 


SECTION 5-7 
1. Owill go LOW at point a and remain 
LOW. 2. False. The D input can 


change without affecting Q because Q can 
change only on the active CZK edge. 


SECTION 5-8 


1. Ina D latch the QO output can change 
while EN is HIGH. In a D flip-flop the 
output can change only on the active 
edge of CLK. 2. False 3. True 


SECTION 5-9 


1. Asynchronous inputs work 
independently of the CZK input. 

Ae Yes, Since PRE is active-LOW. 

3. J=K=1, PRE = CIR =1,anda 
PGT at CLK 


SECTION 5-10 


1. The triangle inside the rectangle 
indicates edge-triggered operation; the 
right triangle outside the rectangle 
indicates triggering on a NGT. Zs. 1s 
used to indicate the function of those 
inputs that are common to more than one 
circuit on the chip. 


SECTION 5-11 


1. fy and fu 2. False; the waveform 
must also satisfy fv(Z) and tw) 
requirements. 


SECTION 5-17 


1. False 
4. True 


2. D flip-flop Dx DIX 


SECTION 5-18 
1. True 2. Fewer interconnections 


between registers 3. X2X1Xo = 111; 
by = 101 
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SECTION 5-19 


1.10kHz 2. Eight 3. 256 
4.2kHz 5. 000010002 = 810 


SECTION 5-21 


1. The output may contain oscillations. 
2. It will produce clean, fast output 
signals even for slow-changing input 
signals. 


SECTION 5-22 


1.Q0=0,O0=1 2. True 

3. External Rand C values 4. Fora 
retriggerable OS, each new trigger pulse 
begins a new #, interval regardless of state 
of O output. 
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SECTION 5-24 
1. 24 kHz 2. 218.6 kHz; 66.7 percent 
SECTION 5-25 


1. Clock skew is the arrival of a clock 
signal at the CLK inputs of different FFs at 
different times. It can cause a FF to go to 
an incorrect state. 
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Upon completion of this chapter, you will be able to: 
@ Perform binary addition, subtraction, multiplication, and division on two 
binary numbers. 
m@ Add and subtract hexadecimal numbers. 
m Know the difference between binary addition and OR addition. 


m Compare the advantages and disadvantages among three different sys- 
tems of representing signed binary numbers. 


m@ Manipulate signed binary numbers using the 2’s-complement system. 

m Understand the BCD adder circuit and the BCD addition process. 

m Describe the basic operation of an arithmetic-logic unit. 

m@ Employ full adders in the design of parallel binary adders. 

m Cite the advantages of parallel adders with the look-ahead carry feature. 
m Analyze the operation of a serial binary multiplier circuit. 


m Describe some of the operations performed by an arithmetic processing 
unit. 


m Read and understand the IEEE/ANSI symbol for a parallel adder. 


m Analyze troubleshooting case studies of adder/subtractor circuits. 


INTRODUCTION 


Digital computers and calculators perform the various arithmetic operations on 
numbers that are represented in binary form. The subject of digital arithmetic can 
be a very complex one if we want to understand all the various methods of com- 
putation and the theory behind them. Fortunately, this level of knowledge is not 
required by most technicians, at least not until they become experienced computer 
programmers. Our approach in this chapter will be to concentrate on those basic 
principles that are needed to understand how digital machines (i.e., computers) 
perform the basic arithmetic operations. 
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First we will see how the various arithmetic operations are performed on bi- 
nary numbers using “pencil and paper,” and then we will study the actual logic cir- 
cuits that perform these operations in a digital system. 


6-1 BINARY ADDITION 


The addition of two binary numbers is performed in exactly the same manner as 
the addition of decimal numbers. In fact, binary addition is simpler, since there are 
fewer cases to learn. Let us first review decimal addition: 


3 7 6 LSD 
+4 6 1 
8 3 7 
The least-significant-digit (LSD) position is operated on first, producing a sum 
of 7. The digits in the second position are then added to produce a sum of 13, 
which produces a carry of 1 into the third position. This produces a sum of 8 in 
the third position. 
The same general steps are followed in binary addition. However, only four 
cases can occur in adding the two binary digits (bits) in any position. They are: 
0+0=0 
1+0=1 
1+ 1=10=0 4+ carry of 1 into next position 
1+1+1=11= 14 carry of 1 into next position 
The last case occurs when the two bits in a certain position are 1 and there is a 


carry from the previous position. Here are several examples of the addition of two 
binary numbers (decimal equivalents are in parentheses): 


011 @) 1001 (9) 11.011 13637) 
+ 110 (6) + TIiT<T>) + 10.110 (2.750) 
1001 (9) 11000 (24) 110.001 (6.125) 


It is not necessary to consider the addition of more than two binary numbers 
at a time, because in all digital systems the circuitry that actually performs the ad- 
dition can handle only two numbers at a time. When more than two numbers are 
to be added, the first two are added together and then their sum is added to the 
third number; and so on. This is not a serious drawback, since modern digital 
computers can typically perform an addition operation in a few microseconds or 
less. 

Addition is the most important arithmetic operation in digital systems. As we 
shall see, the operations of subtraction, multiplication, and division as they are 
performed in most modern digital computers and calculators actually use only ad- 
dition as their basic operation. 


REVIEW QUESTION 
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6-2 REPRESENTING SIGNED NUMBERS 


In digital computers, the binary numbers are represented by a set of binary storage 
devices (usually flip-flops). Each device represents one bit. For example, a 6-bit FF 
register could store binary numbers ranging from 000000 to 111111 (O to 63 in dec- 
imal). This represents the magnitude of the number. Since most digital computers 
and calculators handle negative as well as positive numbers, some means is re- 
quired for representing the sign of the number (+ or —). This is usually done by 
adding another bit to the number called the sign bit. In general, the common con- 
vention which has been adopted is that a 0 in the sign bit represents a positive 
number and a 1 in the sign bit represents a negative number. This is illustrated in 
Figure 6-1. Register A contains the bits 0110100. The 0 in the leftmost bit (Ao) is 
the sign bit that represents +. The other six bits are the magnitude of the number 
1101002, which is equal to 52 in decimal. Thus, the number stored in the A register 
is +52. Similarly, the number stored in the B register is —52, since the sign bit is 1, 
representing —. 

The sign bit is used to indicate the positive or negative nature of the stored 
binary number. The numbers in Figure 6-1 consist of a sign bit and six magnitude 
bits. The magnitude bits are the true binary equivalent of the decimal value being 
represented. This is called the sign-magnitude system for representing signed bi- 
nary numbers. 

Although the sign-magnitude system is straightforward, calculators and com- 
puters do not normally use it, because the circuit implementation is more complex 
than other systems. The most commonly used system for representing signed binary 
numbers is the 2’s-complement system. Before we see how this is done, we must 
first see how to form the 1’s complement and 2’s complement of a binary number. 


1’s-Complement Form The 1l’s complement of a binary number is ob- 
tained by changing each 0 to a 1 and each 1 to a 0. In other words, change each 
bit in the number to its complement. The process is shown below. 


10110 1 original binary number 
A a Cn 


O 1 0 0 1 0 complement each bit to form 1’s complement 
Thus, we say that the 1’s complement of 101101 is 010010. 


Sign bit Magnitude = 52,4, 


Bs By B3 Bo B, Bo 


Be 
1 


Sign bit Magnitude = 52,9 


Figure 6-1 Representation of signed numbers in 
sign-magnitude form. 
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2’s-Complement Form The 2’s complement of a binary number is 
formed by taking the 1’s complement of the number and adding 1 to the least sig- 
nificant bit position. The process is illustrated below for 1011012 = 45y0. 


101101 binary equivalent of 45 


010010 complement each bit to form 1’s complement 
+ 1 add 1 to form 2’s complement 
010011 2’s complement of original binary number 


Thus, we say that 010011 is the 2’s-complement representation of 101101. 
Here’s another example of converting a binary number to its 2’s-complement 
representation: 


101100 original binary number 
010011 1’s complement 
1 add 1 


010100 2’s complement of original number 


Representing Signed Numbers Using 2’s Complement The 2’s- 
complement system for representing signed numbers works like this: 


m If the number is positive, the magnitude is represented in its true binary 
form, and a sign bit of 0 is placed in front of the MSB. This is shown in Fig- 
ure 6-2 for +4510. 


m If the number is negative, the magnitude is represented in its 2’s-complement 
form, and a sign bit of 1 is placed in front of the MSB. This is shown in Fig- 
ure 6-2 for —45i0. 


The 2’s-complement system is used to represent signed numbers because, as 
we shall see, it allows us to perform the operation of subtraction by actually per- 
forming addition. This is significant because it means that a digital computer can use 
the same circuitry to both add and subtract, thereby realizing a saving in hardware. 


Sign bit 2's complement 


Figure 6-2. Representation of signed numbers in 
the 2’s-complement system. 


EXAMPLE 6-1 


Represent each of the following signed decimal numbers as a signed binary num- 
ber in the 2’s-complement system. Use a total of 5 bits including the sign bit. 


(a) +13 (b) -9 () +3 @ —-2 (e) -8 
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solution 


(a) Since the number is positive, the magnitude (13) will be represented in its 
true-magnitude form—that is, 13 = 11012. Attaching the sign bit of 0, we 
have 

+13 = 01101 
sign bit 

(b) Since the number is negative, the magnitude (9) has to be represented in 2’s- 
complement form: 

Pio = 10012 


0110 (1’s complement) 
+ 1 (add 1 to LSB) 


0111 (2’s complement) 


When we attach the sign bit of 1, the complete signed number becomes 
—9=10111 
sign bit —! 

The procedure we have just followed required two steps. First we deter- 
mined the 2’s complement of the magnitude, and then we attached the sign bit. 
This can be accomplished in one step if we include the sign bit in the 2’s- 
complement process. For example, to find the representation for —9, we start 
with the representation for +9, including the sign bit, and we take the 2’s com- 
plement of it in order to obtain the representation for —9. 

+9 = 01001 
10110 (1’s complement of each bit including sign bit) 
+ 1 (add 1 to LSB) 
10111 (2’s-complement representation of —9) 


The result is, of course, the same as before. 


(c) The decimal value 3 can be represented in binary using only 2 bits. How- 
ever, the problem statement requires a 4-bit magnitude preceded by a sign 
bit. Thus, we have 


+319 = 00011 
In many situations the number of bits is fixed by the size of the registers that 


will be holding the binary numbers, so that 0s may have to be added in 
order to fill the required number of bit positions. 


(d) Start by writing +2 using 5 bits: 


+2 = 00010 
11101 = (1’s complement) 
ls 1 = (add 1) 


11110 = (2’s-complement representation of —2) 
(e) Start with +8: 


+8 = 01000 
10111 (complement each bit) 
+ | (add 1) 


11000 = (2’s-complement representation of —8) 
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Negation Negation is the operation of converting a positive number to its 
negative equivalent or a negative number to its positive equivalent. When signed 
binary numbers are represented in the 2’s-complement system, negation is per- 
formed simply by performing the 2’s-complement operation. To illustrate, let’s start 
with +9. Its signed representation is 01001. If we 2’s-complement this, we get 
10111. Clearly, this is a negative number since the sign bit is a 1. Actually, 10111 
represents —9, which is the negative equivalent of the number we started with. 
Likewise, we can start with the representation for —9, which is 10111. If we 2’s- 
complement this, we get 01001, which we recognize as +9. These steps are dia- 
grammed below. 


start with > 01001 = +9 
2’s-complement (negate) > 10111 = —9 
negate again — 01001 = +9 


So we negate a signed binary number by 2’s-complementing it. This negation 
changes the number to its equivalent of opposite sign. We used negation in steps 
(d) and (e) of Example 6-1 to convert positive numbers to their negative equiva- 
lents. 


EXAMPLE 6-2 


Each of the following numbers is a signed binary number in the 2’s-complement 
system. Determine the decimal value in each case: 
(a) 01100 (b) 11010 (ce) 10001 


Solution 


(a) The sign bit is 0, so the number is positive and the other 4 bits represent the 
true magnitude of the number. That is, 11002 = 1210. Thus, the decimal num- 
ber is + 12. 


(b) The sign bit of 11010 is a 1, so we know that the number is negative but we 
can’t tell what the magnitude is. We can find the magnitude by negating (2’s- 
complementing) the number to convert it to its positive equivalent. 

11010 (original negative number) 
00101 (1’s complement) 

+ 1 (add 1) 
00110 (+6) 


Since the result of the negation is 00110 = +6, the original number 11010 
must be equivalent to —6. 


(c) Follow the same procedure as in (b): 
10001 (original negative number) 


01110 (1’s complement) 
+ 1 (add 1) 


O1111 (+15) 
Thus, 10001 = —15. 


Special Case in 2’s-Complement Representation Whenever a 
signed number has a 1 in the sign bit and all Os for the magnitude bits, its decimal 
equivalent is —2’, where Nis the number of bits in the magnitude. For example, 
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1000 = —23 = —8 
10000 = —24 = 
100000 = —25 = —32 


| 

| 
— 
ON 


and so on. 

Thus, we can state that the complete range of values that can be represented 
in the 2’s-complement system having N magnitude bits is 

=2" {0 2" =D 

There are a total of 2%"! different values, including zero. 

For example, Table 6-1 lists all signed numbers that can be represented in 4 
bits using the 2’s-complement system (note there are 3 magnitude bits so N= 3). 
Note that the sequence starts at —2 = —2> = —819 = 10002 and proceeds upwards 
to + QQ" — 1) = +2? — 1 = +710 = 01112 by adding 0001 at each step as in an up- 
counter. 


Table 6-1 


+4 
+3 0011 
+2 0010 
4} 0001 
0 0000 
1 | All 

ee 


EXAMPLE 6-3 


What is the range of unsigned decimal values that can be represented by 8 bits? 


Solution 
With no sign bit, all 8 bits are used for the magnitude. Therefore, the values will 
range from 
OO00000002 = O10 
to 
111111112 = 25510 
This is a total of 256 values. 
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EXAMPLE 6-4 


What is the range of signed decimal values that can be represented by 8 bits? 


Solution 


The largest negative value is 
100000002 = —27 = —12810 
The largest positive value is 
011111112 = + 2? -1 = +1270 


Thus, the range is —128 to +127; this is a total of 256 different values, including 
zero. Alternatively, since there are 7 magnitude bits (V = 7), then there are 2“*! = 
2° = 256 different values. 


EXAMPLE 6-5) 


A certain computer is storing the following two signed numbers in its memory 
using the 2’s-complement system. While executing a program, the computer is in- 
structed to convert each number to its opposite sign: that is, change the +31 to 
—31 and change the —12 to +12. How will it do this? 


000111112 = +41io 
111101002 = —1240 


solution 
A signed number can have its polarity changed simply by performing the 2’s- 
complement operation on the complete number, including the sign bit. The 


computer circuitry will take the signed number from memory, find its 2’s com- 
plement, and put the result back in memory. 


REVIEW QUESTIONS 


1. Represent each of the following values as a 5-bit ee number in the 
2’s-complement system. , 


(a) +13 () -7 (2 16 


2. Each of the following is a signed binary number in the 2’s- soc 
system. Determine the decimal equivalent for each. _ 


(a) 100011 (b) 1000000 (c) 0111111 


3. What range of signed decimal values can be represented in 12 bits (in- 
cluding the sign bit)? 


4. How many bits are required to represent decimal values ranging from 
= 50 to +50? 


5. What is the largest negative decimal value that can be represented using a 
total of 16 bits? 


6. Perform the 2’s-complement operation on each of the following. 
(a) 10000 (b) 10000000 (c) 1000 


7. Define the negation operation. 
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6-3 ADDITION IN THE 2’s-COMPLEMENT SYSTEM 


We will now investigate how the operations of addition and subtraction are per- 
formed in digital machines that use the 2’s-complement representation for negative 
numbers. In the various cases to be considered, it is important to note that the sign 
bit of each number is operated on in the same manner as the magnitude bits. 


Case I: Two Positive Numbers. The addition of two positive numbers is 
straightforward. Consider the addition of +9 and +4: 
+9 > 10; 1001 — (augend) 
+4 > 10; 0100 ~~ (addend) 
1 1101 (sum = +13) 
© sign bits 
Note that the sign bits of the augend and addend are both 0 and the sign bit of 
the sum is 0, indicating that the sum is positive. Also note that the augend and ad- 
dend are made to have the same number of bits. This must always be done in the 
2’s complement system. 


Case II: Positive Number and Smaller Negative Number. Consider the 
addition of +9 and —4. Remember that the —4 will be in its 2’s-complement form. 
Thus, +4 (00100) must be converted to —4 (11100) 


7 eo sign bits 


To => 10; 1001 (augend) 
—4- 11, 1100  (addend) 
y 101 0101 


ft stthis carry is disregarded; the result is 00101 (sum = +5) 
In this case, the sign bit of the addend is 1. Note that the sign bits also participate 
in the addition process. In fact, a carry is generated in the last position of addition. 
This carry is always disregarded, so that the final sum is 00101, which is equiva- 
lent to: +-5. 


Case III: Positive Number and Larger Negative Number. Consider the 
addition of —9 and +4: 
—O9-— 10111 
+4 — 00100 
11011 (sum = —5) 
negative sign bit 
The sum here has a sign bit of 1, indicating a negative number. Since the sum is 
negative, it is in 2’s-complement form, so that the last four bits, 1011, actually rep- 
resent the 2’s complement of the sum. To find the true magnitude of the sum, we 
must negate (2’s complement) 11011, the result is 00101 = +5. Thus, 11011 repre- 
sents —5. 


Case IV: Two Negative Numbers 


—-9 +> 10111 
—-4-—5 11100 
Y 10011 


— sign bit 
this carry is disregarded; the result is 10011 (sum = —13) 
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This final result is again negative and in 2’s-complement form with a sign bit of 1. 
Negating (2’s-complementing) this result produces 01101 = +13. 


Case V: Equal and Opposite Numbers 


—-9> 10111 
+9 > O1001 
0 Y 00000 


t____ disregard: the result is 00000 (sum = +0) 
The result is obviously +0, as expected. 


REVIEW QUESTIONS 


Assume the ae 's-complement system 


<br of 1 fe ie a eps 


2 Add the following pairs. of. signed 
binary | number and as a decimal number. 


@ 100111 + 111011 ) 100111 + 011001 o 


6-4 SUBTRACTION IN THE 2’s-COMPLEMENT SYSTEM 


The subtraction operation using the 2’s-complement system actually involves the 
operation of addition and is really no different from the various cases considered 
in Section 6-3. When subtracting one binary number (the subtrahend) from an- 
other binary number (the minuend), the procedure is as follows: 


1. Negate the subtrahend. This will change the subtrahend to its equivalent 
value of opposite sign. 

2. Add this to the minuend. The result of this addition will represent the dif- 
ference between the subtrahend and minuend. 


Once again, as in all 2’s-complement arithmetic operations, it is necessary that 
both numbers have the same number of bits in their representations. 
Let us consider the case where +4 is to be subtracted from +9. 
minuend (+9) > 01001 
subtrahend (+4) > 00100 


Negate the subtrahend to produce 11100, which represents —4. Now add this to 
the minuend. 
01001 (+9) 

+ 11100 (-4) 

Y 00101 (+5) 

L disregard, so the result is 00101 = +5 
When the subtrahend is changed to its 2’s complement, it actually becomes —4, so 
that we are adding —4 and +9, which is the same as subtracting +4 from +9. 
This is the same as case II of Section 6-3. Any subtraction operation, then, actually 
becomes one of addition when the 2’s-complement system is used. This feature of 
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the 2’s-complement system has made it the most widely used of the methods avail- 
able, since it allows addition and subtraction to be performed by the same circuitry. 

The reader should verify the results of using the above procedure for the fol- 
lowing subtractions: (a) +9 — (—4); (b) -—9 — (44); (c) -9 — (—4); (d) +4 - 
(—4). Remember that when the result has a sign bit of 1, it is negative and in 2’s- 
complement form. 


Arithmetic Overflow In each of the previous addition and subtraction 
examples, the numbers that were added consisted of a sign bit and 4 magnitude 
bits. The answers also consisted of a sign bit and 4 magnitude bits. Any carry into 
the sixth bit position was disregarded. In all of the cases considered, the magni- 
tude of the answer was small enough to fit into 4 bits. Let’s look at the addition of 
+9 and +8. 


+9 > | | 1001 
+8 > | 0 ; 1000 
eS aie ee Wen de rn 
i 7 1 OOOI 
}___j—e— 
eee —_— 


incorrect sign incorrect magnitude 

The answer has a negative sign bit, which is obviously incorrect. The answer should 
be +17, but the magnitude 17 requires more than 4 bits and therefore overflows into 
the sign-bit position. This overflow condition always produces an incorrect result, 
and its occurrence is detected by examining the sign bit of the result and comparing 
it with the sign bits of the numbers being added. In a computer, a special circuit is 
used to detect any overflow condition and to signal that the answer is erroneous. 
We will encounter such a circuit in one of the end-of-chapter problems. 


REVIEW QUESTIONS 


1. Perform the subtraction on the following pairs of signed numbers using 
the 2’s-complement system. Express the results as signed binary numbers 
and as decimal values. _. 


| (a) O1001 — 11010 (b) 10010 - | LOO1L 


2. How can arithmetic overflow be detected when Beh numbers are being 
added? — : 


6-0 MULTIPLICATION OF BINARY NUMBERS 


The multiplication of binary numbers is done in the same manner as the multipli- 
cation of decimal numbers. The process is actually simpler, since the multiplier 
digits are either 0 or 1 and so we are always multiplying by 0 or 1 and no other 
digits. The following example illustrates for unsigned binary numbers. 


1001 < multiplicand = 919 
1On1 < multiplier = 1110 


1001 
1001 partial products 
0000 
1001 
1100011 } final product = 99 
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In this example the multiplicand and multiplier are in true binary form and no 
sign bits are used. The steps followed in the process are exactly the same as in 
decimal multiplication. First, the LSB of the multiplier is examined; in our exam- 
ple it is a 1. This 1 multiplies the multiplicand to produce 1001, which is written 
down as the first partial product. Next, the second bit of the multiplier is exam- 
ined. It is a 1, and so 1001 is written for the second partial product. Note that 
this second partial product is shifted one place to the left relative to the first one. 
The third bit of the multiplier is 0, and 0000 is written as the third partial prod- 
uct; again, it is shifted one place to the left relative to the previous partial prod- 
uct. The fourth multiplier bit is 1, and so the last partial product is 1001 shifted 
again one position to the left. The four partial products are then summed to pro- 
duce the final product. 

Most digital machines can only add two binary numbers at a time. For this 
reason, the partial products formed during multiplication cannot all be added to- 
gether at the same time. Instead, they are added together two at a time; that is, the 
first is added to the second, their sum is added to the third, and so on. This 
process is now illustrated for the example above: 


ee { 1001 € first partial product 
1001 © second partial product shifted left 
Add { 11011 < sum of first two partial products 
0000 < third partial product shifted left 
Add { 011011 << sum of first three partial products 
1001 < fourth partial product shifted left 


1100011 << sum of four partial products which 
equals final total product 


Multiplication in the 2’s-Complement System In computers that 
use the 2’s-complement representation, multiplication is carried on in the manner 
described above provided that both the multiplicand and multiplier are put in true 
binary form. If the two numbers to be multiplied are positive, they are already in 
true binary form and are multiplied as they are. The resulting product is, of course, 
positive and is given a sign bit of 0. When the two numbers are negative, they will 
be in 2’s-complement form. The 2’s complement of each is taken to convert it to a 
positive number and then the two numbers are multiplied. The product is kept as 
a positive number and given a sign bit of 0. 

When one of the numbers is positive and the other is negative, the negative 
number is first converted to a positive magnitude by taking its 2’s complement. 
The product will be in true-magnitude form. However, the product has to be nega- 
tive, since the original numbers are of opposite sign. Thus, the product is then 
changed to 2’s-complement form and given a sign bit of 1. 


REVIEW QUESTION 


1. Multiply the unsigned numbers 0111 and 1110. 
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6-6 BINARY DIVISION 


The process for dividing one binary number (the dividend) by another (the 
divisor) is the same as that which is followed for decimal numbers, that which we 
usually refer to as “long division.” The actual process is simpler in binary because 
when we are checking to see how many times the divisor “goes into” the divi- 
dend, there are only two possibilities, 0 or 1. To illustrate, consider the following 
division examples: 


0011 0010.1 
11001 = + 3 = 3) 100/1010.0 (0+ 4 = 2.5) 
OL 100 
0011 100 
4 100 
0 0 


In most modern digital machines the subtractions that are part of the division 
operation are usually carried out using 2’s-complement subtraction—that is, taking 
the 2’s complement of the subtrahend and then adding. 

The division of signed numbers is handled in the same way as multiplication. 
Negative numbers are made positive by complementing and the division is then 
carried out. If the dividend and divisor are of opposite sign, the resulting quotient 
is changed to a negative number by taking its 2’s-complement and is given a sign 
bit of 1. If the dividend and divisor are of the same sign, the quotient is left as a 
positive number and given a sign bit of 0. 


6-7 BCD ADDITION 


In Chapter 2 we stated that many computers and calculators use the BCD code to 
represent decimal numbers. Recall that this code takes each decimal digit and rep- 
resents it by a 4-bit code ranging from 0000 to 1001. The addition of decimal num- 
bers that are in BCD form can be best understood by considering the two cases 
that can occur when two decimal digits are added. 


Sum Equals 9 or Less Consider adding 5 and 4 using BCD to represent 


each digit: 
5 0101 << BCD for 5 
+4 +0100 € BCD for 4 
9 1001 < BCD for 9 


The addition is carried out as in normal binary addition and the sum is 1001, 
which is the BCD code for 9. As another example, take 45 added to 33: 


45 0100 0101 < BCD for 45 
+33 a UOT 0011 << BCD for 33 
78 O111 1000 << BCD for 78 


In this example the 4-bit codes for 5 and 3 are added in binary to produce 1000, 
which is BCD for 8. Similarly, adding the second-decimal-digit positions produces 
0111, which is BCD for 7. The total is 0111 1000, which is the BCD code for 78. 
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In the examples above, none of the sums of the pairs of decimal digits ex- 
ceeded 9; therefore, 10 decimal carries were produced. For these cases the BCD 
addition process is straightforward and is actually the same as binary addition. 


Sum Greater Than 9 Consider the addition of 6 and 7 in BCD: 


6 0110 < BCD for 6 
+7 +rOQlll << BCD Tor 7 


+ 13 1101 € invalid code group for BCD 


The sum 1101 does not exist in the BCD code; it is one of the six forbidden or in- 
valid 4-bit code groups. This has occurred because the sum of the two digits ex- 
ceeds 9. Whenever this occurs the sum has to be corrected by the addition of six 
(0110) to take into account the skipping of the six invalid code groups: 


0110 < BCD for 6 
+ 0111 < BCD for 7 
1101 €< invalid sum 
0110 < add 6 for correction 


OOO1 0011 << BCD for 13 


—_—_—_—C—SOOOOOlOOT 


1 3 


As shown above, 0110 is added to the invalid sum and produces the correct BCD 
result. Note that a carry is produced into the second decimal position. This addi- 
tion of 0110 has to be performed whenever the sum of the two decimal digits is 
greater than 9. 

As another example, take 47 plus 35 in BCD: 


47 0100 0111 < BCD for 47 
+ 35 + 0011 0101 < BCD for 35 
82 0111 1100 € invalid sum in first digit 


_ 0110 < add 6 to correct 
1000 0010 


< correct BCD sum 
le ———’ 


8 2 


The addition of the 4-bit codes for the 7 and 5 digits results in an invalid sum and 
is corrected by adding 0110. Note that this generates a carry of 1, which is carried 
over to be added to the BCD sum of the second-position digits. 

Consider the addition of 59 and 38 in BCD: 


59 < BCD for 59 
+ 38 < BCD for 38 
97 < perform addition 


< add 6 to correct 
BCD for 97 


9 7 


Here, the addition of the least significant digits (LSDs) produces a sum of 17 = 
10001. This generates a carry into the next digit position to be added to the codes 
for 5 and 3. Since 17 > 9, a correction factor of 6 has to be added to the LSD sum. 
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Addition of this correction does not generate a carry; the carry was already gener- 
ated in the original addition. 


To summarize the BCD addition procedure: 


1. Add, using ordinary binary addition, the BCD code groups for each digit po- 
sition. 

2. For those positions where the sum is 9 or less, no correction is needed. The 
sum is in proper BCD form. 


3. When the sum of two digits is greater than 9, a correction of 0110 should be 
added to that sum to get the proper BCD result. This case always produces a 
carry into the next digit position, either from the original addition (step 1) or 
from the correction addition. 


The procedure for BCD addition is clearly more complicated than straight bi- 
nary addition. This is also true of the other BCD arithmetic operations. Readers 
should perform the addition of 275 + 641. Then check the correct procedure 


below. 
275 0010 0111 0101 < BCD for 275 
+ 641 + 0110 0100 0001 << BCD for 641 
916 1000 1011 0110 © perform addition 
+ 0110 < add 6 to correct 2nd digit 


1001 OOO1 0110 < BCD for 916 


REVIEW QUESTIONS 


1. How can you tell when a correction is needed in BCD addition? 


2. Represent 13539 and 26510 in BCD and then perform BCD addition. Check 
your work by converting the result back to decimal. 


6-8 HEXADEGIMAL ARITHMETIC 


Hex numbers are used extensively in machine-language computer programming 
and in conjunction with computer memories (i.e., addresses). When working in 
these areas, there will be situations where hex numbers have to be added or sub- 
tracted. 


Hex Addition Addition of hexadecimal numbers is done in much the same 
way as decimal addition as long as you remember that the largest hex digit is F in- 
stead of 9. The following procedure is suggested. 


1. Add the two hex digits in decimal, mentally inserting the decimal equivalent 
for those digits larger than 9. 


2. If the sum is 15 or less, it can be directly expressed as a hex digit. 


3. If the sum is greater than or equal to 16, subtract 16 and carry a 1 to the next 
digit position. 
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The following examples will illustrate the procedure. 


EXAMPLE 6-6 
Add the hex numbers 58 and 24. 


Solution 
58 
+ 24 
7C 


Adding the LSDs (8 and 4) produces 12, which is C in hex. There is no carry into 
the next digit position. Adding the 5 and 2 produces 7. 


EXAMPLE 6- 7 
Add the hex numbers 58 and 4B. 


Solution 
58 
+ 4B 
A3 


Start by adding 8 and B, mentally substituting decimal 11 for B. This produces a 
sum of 19. Since 19 is greater than 16, subtract 16 to get 3; write down the 3 and 
carry a 1 into the next position. This carry is added to the 5 and 4 to produce a 
sum of 1019, which is then converted to hexadecimal A. 


EXAMPLE 6-8 
Add 3AF to 23C. 


solution 
3AF 
+ 23C 
SEB 


The sum of F and C is considered as 15 + 12 = 270. Since this is greater than 16, 
subtract 16 to get 1110, which is hexadecimal B, and carry a 1 into the second posi- 
tion. Add this carry to A and 3 to obtain E. There is no carry into the MSD posi- 
tion. 


Hex Subtraction Remember that hex numbers are just an efficient way to 
represent binary numbers. Thus we can subtract hex numbers using the same 
method we used for binary numbers. The 2’s complement of the hex subtrahend 
will be taken and then added to the minuend, and any carry out of the MSD posi- 
tion will be disregarded. 
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How do we find the 2’s complement of a hex number? One way is to con- 
vert it to binary, take the 2’s complement of the binary equivalent, and then con- 
vert it back to hex. This process is illustrated below. 


73AN < hex number 
O111 0011 1010 © convert to binary 
1000. 1100 (0110 € take 2’s complement 
8CO6 < convert back to hex 


There is a quicker procedure. Subtract each hex digit from F, then add 1. Let’s try 
this for the same hex number from the example above. 


3) 3 i 


=, “2 =f < subtract each digit from F 
8 C 5 
ri <¢ add 1 
8 C 6 < hex equivalent of 2’s complement 


Try either of the procedures above on the hex number E63. The correct re- 
sult for the 2’s complement is 19D. 


EXAMPLE 6-9 
Subtract 3A516 from 592)6¢. 


Solution 


First, convert the subtrahend (3A5) to its 2’s-complement form by using either 
method presented above. The result is C5B. Then add this to the minuend (592): 


592 

+ CSB 

TIED 
disregard carry 


Ignoring the carry out of the MSD addition, the result is IED. We can prove that 
this is correct by adding 1ED to 3A5 and checking to see that it equals 592y6. 


REVIEW QUESTIONS 


1. Add 67F + 2A4. 
2. Subtract 67F — 2A4. 


6-9 ARITHMETIC CIRCUITS 


One essential function of most computers and calculators is the performance of 
arithmetic operations. These operations are all performed in the arithmetic-logic 
unit of a computer, where logic gates and flip-flops are combined so that they can 
add, subtract, multiply, and divide binary numbers. These circuits perform arith- 
metic Operations at speeds that are not humanly possible. Typically, an addition 
operation will take less than 1 ps. 
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We will now study some of the basic arithmetic circuits that are used to per- 
form the arithmetic operations discussed earlier. In some cases we will go through 
the actual design process, even though the circuits may be commercially available 
in integrated-circuit form, to provide more practice in the use of the techniques 
learned in Chapter 4. 


Arithmetic-Logic Unit All arithmetic operations take place in the arith- 
metic-logic unit (ALU) of a computer. Figure 6-3 is a block diagram showing the 
major elements included in a typical ALU. The main purpose of the ALU is to ac- 
cept binary data that are stored in the memory and to execute arithmetic opera- 
tions on these data according to instructions from the control unit. 

The arithmetic-logic unit contains at least two flip-flop registers: the B regis- 
ter and the accumulator register. It also contains combinational logic, which 
performs the arithmetic operations on the binary numbers that are stored in the 
B register and the accumulator. A typical sequence of operations may occur as fol- 
lows: 


1. The control unit receives an instruction (from the memory unit) specifying 
that a number stored in a particular memory location (address) is to be 
added to the number presently stored in the accumulator register. 


2. The number to be added is transferred from memory to the B register. 


3. The number in the B register and the number in the accumulator register are 
added together in the logic circuits (upon command from the control unit). 
The resulting sum is then sent to the accumulator to be stored. 


4. The new number in the accumulator can remain there so that another num- 
ber can be added to it or, if the particular arithmetic process is finished, it 
can be transferred to memory for storage. 


These steps should make it apparent how the accumulator register derives its 
name. This register “accumulates” the sums that occur when performing successive 
additions between new numbers acquired from memory and the previously accu- 
mulated sum. In fact, for any arithmetic problem containing several steps, the ac- 
cumulator usually contains the results of the intermediate steps as they are com- 
pleted as well as the final result when the problem is finished. 


Figure 6-3 Functional parts of an ALU. 


Arithmetic—logic unit 
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6-10 PARALLEL BINARY ADDER 


Computers and calculators perform the addition operation on two binary numbers 
at a time, where each binary number can have several binary digits. Figure 6-4 il- 
lustrates the addition of two 5-bit numbers. The augend is stored in the accumula- 
tor register; that is, the accumulator contains five FFs, storing the values 10101 in 
successive FFs. Similarly, the addend, the number that is to be added to the au- 
gend, is stored in the B register Gin this case, 00111). 

The addition process starts by adding the least significant bits (LSBs) of the 
augend and addend. Thus, 1 + 1 = 10, which means that the sum for that posi- 
tion is 0 with a carry of 1. 

This carry has to be added to the next position along with the augend and 
addend bits in that position. Thus, in the second position, 1 + 0 + 1 = 10, which 
is again a sum of 0 and a carry of 1. This carry is added to the next position to- 
gether with the augend and addend bits in that position, and so on for the remain- 
ing positions, as shown in Figure 0.4. 

At each step in this addition process we are performing the addition of 3 
bits: the augend bit, the addend bit, and a carry bit from the previous position. 
The result of the addition of these 3 bits produces 2 bits: a sum bit, and a carry bit 
which is to be added to the next position. It should be clear that the same process 
is followed for each bit position. Thus, if we can design a logic circuit that can du- 
plicate this process, then all we have to do is to use the identical circuit for each 
of the bit positions. This is illustrated in Figure 6-5. 

In this diagram variables Ay, A3, A2, Ai, and Ao represent the bits of the au- 
gend that are stored in the accumulator (which is also called the A register). Vari- 
ables By, B3, Bo, Bi, and Bo represent the bits of the addend stored in the B regis- 
ter. Variables C4, C3, C2, Cj, and Co represent the carry bits into the corresponding 
positions. Variables S;, $3, So, Si, So are the sum output bits for each position. Cor- 
responding bits of the augend and addend are fed to a logic circuit called a full 
adder, along with a carry bit from the previous position. For example, bits A; and 
B, are fed into full adder 1 along with Ci, which is the carry bit produced by the 
addition of the Aj and Bo bits. Bits Aj and Bo are fed into full adder 0 along with 
Co. Since Ao and Bo are the LSBs of the augend and addend, it appears that Co 
would always have to be 0, since there can be no carry into that position. How- 
ever, we shall see that there will be situations when Cp can also be 1. 


Figure 6-4 Typical binary addition process. 


Stored in 
Augend ———> <— accumulator 
register 
Addend ———> ee Stored in B register 
=o 


sum ——— | 1 | 0 0 
Cary o> 0 0 1 1 | 
(To be added 

to next 
position.) 
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By B3 Bo B, Bo Addend bits 
from B register 
Ce Cy C3 C, C, Co 
eh 
Full 
FA FA FA FA neice 
#4 #3 #2 #1 #0 
> S3 S> SF So 
Augend bits 
Ag A3 Ay A, Ao from A register 


Sum appears at Sy, S3, So, S;, Sg outputs. 


Figure 6-5 Block diagram of 5-bit parallel adder circuit using full adders. 


The full-adder circuit used in each position has three inputs: an A bit, a B bit, 
and a C’ bit, and it produces two outputs: a sum bit and a carry bit. For example, 
full adder 0 has inputs Ao, Bo, and Co, and it produces outputs S> and C\. Full 
adder 1 has A;, Bi, and C, as inputs and S$, and Cz as outputs; and so on. This 
arrangement is repeated for as many positions as there are in the augend and ad- 
dend. Although this illustration is for 5-bit numbers, in modern computers the 
numbers usually range from 8 to 64 bits. 

The arrangement in Figure 6-5 is called a parallel adder because all the bits 
of the augend and addend are present and are fed into the adder circuits simulta- 
neously. This means that the additions in each position are taking place at the 
same time. This is different from how we add on paper, taking each position one 
at a time starting with the LSB. Clearly, parallel addition is extremely fast. More 
will be said about this later. 


REVIEW QUESTIONS 


1. How many inputs does a full adder have? How many outputs? ] 

2. Assume the following input levels in Figure 6-5: A4A3A2A1 Ap = 01001, 
B.B3.B2B, Bo = 00111; Co = 0. 
(a) What are the logic levels at the outputs of FA #2? 
(b) What is the logic level at the CG; output? 


6-11 DESIGN OF A FULL ADDER 


Now that we know the function of the full adder, we can proceed to design a 
logic circuit that will perform this function. First, we must construct a truth table 
showing the various input and output values for all possible cases. Figure 6-6 
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Augend| Addend | Carry | | Sum | Carry 
bit bit | bit |] bit | bit 
input inout | input | | output} output 


B 
A B Cin Ss Cout 
0 0 0 0 0 | 
0 0 1 1 0 
0 1 0 1 0 S 
0 1 1 0 1 
1 0 0 1 0 Cin FA 
‘ 0 1 0 1 
1 1 0 0 1 one 
1 1 1 1 1 
A 


Figure 6-6 Truth table for a full-adder circuit. 


shows the truth table having three inputs A, B, and Cin, and two outputs, S and 
Cour. There are eight possible cases for the three inputs, and for each case the de- 
sired output values are listed. For example, consider the case A = 1, B = O, and 
Cin = 1. The full adder (hereafter abbreviated FA) must add these bits to produce 
a sum (S) of 0 and a carry (Cour) of 1. The reader should check the other cases to 
be sure they are understood. 

Since there are two outputs, we will design the circuitry for each output indi- 
vidually, starting with the S output. The truth table shows that there are four cases 
where Sis to be a 1. Using the sum-of-products method, we can write the expres- 
sion for Sas 


S= ABGy + ABGx + ABGy + ABGy (6-1) 
We can now try to simplify this expression by factoring. Unfortunately, none of the 
terms in the expression has two variables in common with any of the other terms. 
However, A can be factored from the first two terms and A can be factored from 
the last two terms: 

S= A(BGn + BCix) + A(BGy + BGy) 
The first term in parentheses should be recognized as the exclusive-OR combina- 
tion of Band Gy, which can be written as B @ Cy. The second term in parenthe- 


ses should be recognized as the exclusive-NOR of Band Cix, which can be written 
as B@ Cy. Thus, the expression for S becomes 


S= A(B® Gy) + AB® Gy) 
If we let X = B@ Cr, this can be written as 
S=A*X+A:-X=AQ@X 
which is simply the EX-OR of A and X. Replacing the expression for X, we have 
S=AQIBO Gn (6-2) 


Consider now the output Cour in the truth table of Figure 6-6. We can write 
the sum-of-products expression for Cour as follows: 


Cout — ABGn + ABGn 7 ABC = ABCwn 
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This expression can be simplified by factoring. We will employ the trick intro- 
duced in Chapter 4, whereby we will use the ABCix term three times since it has 
common factors with each of the other terms. Hence, 


Cour = BCiw(A + A) + ACn(B + B) + AB(Cw + Cy) (6-3) 
= BCw a ACN + AB 


This expression cannot be simplified further. 

Expressions (6-2) and (6-3) can be implemented as shown in Figure 6-7. 
There are several other implementations that can be used to produce the same ex- 
pressions for S and Cour, none of which has any particular advantage over those 
shown. The complete circuit with inputs A, B, and Cj and outputs S and Cour rep- 
resents the full adder. Each of the FAs in Figure 6-5 contains the same circuitry (or 
its equivalent). 


K-Map Simplification We simplified the expressions for Sand Cour using 
algebraic methods. The K-map method can also be used. Figure 6-8(a) shows the 
K map for the S output. This map has no adjacent 1s, and so there are no pairs or 
quads to loop. Thus, the expression for S cannot be simplified using the K map. 
This points out a limitation of the K-map method as compared with the algebraic 
method. We were able to simplify the expression for S through factoring and the 
use of EX-OR and EX-NOR operations. 

The K map for the Cour output is shown in Figure 6-8(b). The three pairs 
that are looped will produce the same expression obtained from the algebraic 
method. 


Figure 6-7 Complete circuitry for a full adder. 


Court 


se 4 
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K map for S K map for Coyt 
ee ABC F ABC a ABC 2 ABC Court = BCiy + AC + AB 
(a) (b) 


Figure 6-8 K mappings for the full-adder outputs. 


Half Adder The FA operates on three inputs to produce a sum and carry 
output. In some cases a circuit is needed that will add only 2 input bits, to pro- 
duce a sum and carry output. An example would be the addition of the LSB posi- 
tion of two binary numbers where there is no carry input to be added. A special 
logic circuit can be designed to take two input bits, A and B, and to produce sum 
(S) and carry (Cour) outputs. This circuit is called a half adder (HA). Its operation 
is similar to that of a FA except that it operates on only 2 bits. We shall leave the 
design of the HA as an exercise at the end of the chapter (see Problem 6-18). 
However, we will use the HA symbol whenever it is appropriate. 


6-12 COMPLETE PARALLEL ADDER WITH REGISTERS 


In a computer, the numbers that are to be added are stored in FF registers. Figure 
6-9 shows the complete diagram of a 4-bit parallel adder including the storage reg- 
isters. The augend bits A; through Ap are stored in the accumulator (A register); 
the addend bits B; through Bo are stored in the B register. Each of these registers is 
made up of D flip-flops for easy transfer of data. 

The contents of the A register (i.e., the binary number stored in A3 through 
Ao) is added to the contents of the B register by the four FAs, and the sum is pro- 
duced at outputs 83; through So. C, is the carry out of the fourth FA and it can be 
used as the carry input to a fifth FA, or as an overflow bit to indicate that the sum 
exceeds 1111, 

Note that the sum outputs are connected to the D inputs of the A register. 
This will allow the sum to be parallel-transferred into the A register on the PGT 
(positive going transition) of the TRANSFER pulse. In this way, the sum can be 
stored in the A register. 

Also note that the Dinputs of the B register are coming from the computer’s 
memory, so that numbers from memory will be parallel-transferred into the B reg- 
ister on the PGT of the LOAD pulse. For now we will not be concerned with how 
the numbers come from memory. 


CHAPTER 6 / DIGITAL ARITHMETIC: OPERATIONS AND CIRCUITS 


From memory 


B register 


A register 


(a) 


| 
, | | | | 


Figure 6-9 (a) Complete 4-bit parallel adder with registers; (b) signals used to add binary numbers 
from memory and store their sum in the accumulator. 


Register Notation Before we go through the complete process of how 
this circuit adds two binary numbers, it will be helpful to introduce some notation 
that makes it easy to describe the contents of a register and data transfer operations. 
Whenever we want to give the levels that are present at each FF in a register 
or at each output of a group of outputs, we will use brackets as illustrated below: 
[A] = 1011 
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This is the same as saying that A; = 1, Az = 0, Ai = 1, Ao = 1. In other words, 
think of [A] as representing “the contents of register A.” 


Whenever we want to indicate the transfer of data to or from a register, we 


will use an arrow as illustrated below: 


[B] > [A] 


This means that the contents of the B register have been transferred to the A regis- 
ter. The old contents of the A register will be lost as a result of this operation, and 
the B register will be unchanged. 


Sequence of Operations We will now describe the process by which 
the circuit of Figure 6-9 will add the binary numbers 1001 and 0101. Assume Co = 
Q; that is, there is no carry into the LSB position. 


1. 


[A] = 0000. A CLEAR pulse is applied to the asynchronous inputs (CZR) of 
each FF in register A. This occurs at time h. 


. [M] > [B]. This first binary number is transferred from memory CM) to the B 


register. In this case, the binary number 1001 is loaded into register B on the 
PGT of the LOAD pulse at h. 


. [S}* > [A]. With [B] = 1001 and [A] = 0000, the full adders produce a sum of 


1001; that is, [S] = 1001. These sum outputs are transferred into the A register 
on the PGT of the TRANSFER pulse at 6. This makes [A] = 1001. 


[M] — [B]. The second binary number, 0101, is transferred from memory into 
the B register on the PGT of the second LOAD pulse at 4%. This makes [B] = 
O101. 

[S] > [A]. With [B] = 0101 and [A] = 1001, the FAs produce [S] = 1110. 
These sum outputs are transferred into the A register when the second 
TRANSFER pulse occurs at &. Thus, [A] = 1110. 


At this point, the sum of the two binary numbers is present in the accumula- 
tor. In most computers the contents of the accumulator, [A], will usually be 
transferred to the computer’s memory so that the adder circuit can be used 
for a new set of numbers. The circuitry that performs this [A] > [VM] transfer 
is not shown in Figure 6.9. 


REVIEW QUESTIONS 


1. Suppose that four different 4-bit numbers are to be taken from memory 


and added by the circuit of Figure 6-9. How many CLEAR pulses will be 
needed? How many TRANSFER pulses? How many LOAD pulses? — 


2. Determine the contents of the A register after the following sequence of | 


operations: [A] = 0000, [0110]—[8], [S| [A], [1110][B], [s]LAl. 


6-13 CARRY PROPAGATION 


The parallel adder of Figure 6-9 performs additions at a relatively high speed, 
since it adds the bits from each position simultaneously. However, its speed is lim- 


*Even though S is not a register, we will use [S] to represent the group of S outputs. 
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ited by an effect called carry propagation or carry ripple, which can best be 
explained by considering the following addition: 


O111 
+ QOO1 


1000 


Addition of the LSB position produces a carry into the second position. This carry, 
when added to the bits of the second position, produces a carry into the third po- 
sition. The latter carry, when added to the bits of the third position, produces a 
carry into the last position. The key thing to notice in this example is that the sum 
bit generated in the /ast position (MSB) depended on the carry that was generated 
by the addition in the first position (LSB). 

Looking at this from the viewpoint of the circuit of Figure 6-9, 8; out of the 
last full adder depends on C; out of the first full adder. But the C; signal must pass 
through three FAs before it produces 83. What this means is that the 53; output will 
not reach its correct value until C, has propagated through the intermediate FAs. 
This represents a time delay that depends on the propagation delay produced in a 
FA. For example, if each FA is considered to have a propagation delay of 40 ns, 
then $3 will not reach its correct level until 120 ns after C, is generated. This means 
that the add command pulse cannot be applied until 160 ns after the augend and 
addend numbers are present in the FF registers (the extra 40 ns is due to the delay 
of the LSB full adder, which generates C}). 

Obviously, the situation becomes much worse if we extend the adder cir- 
cuitry to add a greater number of bits. If the adder were handling 32-bit numbers, 
the carry propagation delay could be 1280 ns = 1.28 ws. The add pulse could not 
be applied until at least 1.28 ws after the numbers were present in the registers. 

This magnitude of delay is prohibitive for high-speed computers. Fortunately, 
logic designers have come up with several ingenious schemes for reducing this 
delay. One of the schemes, called look-ahead carry, utilizes logic gates to look at 
the lower-order bits of the augend and addend to see if a higher-order carry is to 
be generated. For example, it is possible to build a logic circuit with An, Bi, Bo, Ap, 
Aj, and Ap as inputs and C3 as an output. This logic circuit would have a shorter 
delay than is obtained by the carry propagation through the FAs. This scheme re- 
quires a large amount of extra circuitry but is necessary to produce high-speed 
adders. The extra circuitry is not a significant consideration with the present use of 
integrated circuits. Many high-speed adders available in integrated-circuit form uti- 
lize the look-ahead carry or a similar technique for reducing overall propagation 
delays. 


6-14 INTEGRATED-CIRCUIT PARALLEL ADDER 


Several parallel adders are available as ICs. The most common is a 4-bit parallel 
adder IC that contains four interconnected FAs and the look-ahead carry circuitry 
needed for high-speed operation. The 7483A, 74LS83A, 74283, and 74LS283 are all 
TTL 4-bit parallel-adder chips. The 283s are identical to the 83s except that they 
have Vcc and ground on pins 16 and 8, respectively; it has become standard on all 
new chips to have the power and ground pins at the corners of the chip. The 
74HC283 is the high-speed CMOS version of the same 4-bit parallel adder. 
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Figure 6-10(a) shows the functional symbol for the 74LS83 4-bit parallel 
adder (and its equivalents). The inputs to this IC are two 4-bit numbers, A3A2AiAo 
and B3B2B,Bo, and the carry, Co, into the LSB position. The outputs are the sum 
bits, S3525,S), and the carry, Cy, out of the MSB position. The sum bits are often la- 
beled 3322310, where & is the Greek capital letter sigma. 


Cascading Parallel Adders Two or more parallel-adder blocks can be 
connected (cascaded) to accommodate the addition of larger binary numbers. To 
illustrate, Figure 6-10(b) shows how two 74LS83 adders can be connected to add 
two 8-bit numbers. The adder on the right adds the four least significant bits of the 
numbers. The C; output of this adder is connected as the input carry to the first 
position of the second adder, which adds the four most significant bits of the num- 


Figure 6-10 (a) Block symbol for the 74LS83 4-bit parallel adder; 
(b) cascading two 74LS83s. 
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bers. The eight sum outputs represent the resultant sum of the two 8-bit numbers. 
Cg is the carry out of the last position (MSB) of the second adder. C3 can be used 
as an overflow bit or as a carry into another adder stage if larger binary numbers 
are to be handled. 


EXAMPLE 6-10 


Determine the logic levels at the inputs and outputs of the 8-bit adder in Figure 
6-10(a) when 7210 is added to 137\0. 


solution 


First convert each number to an 8-bit binary number: 
137 = 10001001 
72 = 01001000 


These two binary values will be applied to the A and B inputs; that is, the A inputs 
will be 10001001 from left to right, and the B inputs will be 01001000 from left to 
right. The adder will produce the binary sum of the two numbers: 


[A] = 10001001 
[B] = 01001000 
[S] = 11010001 


The sum outputs will read 11010001 from left to right. There is no overflow into 
the Cg bit, and so it will be a 0. 


6-15 2’s-GOMPLEMENT SYSTEM 


Most modern computers use the 2’s-complement system to represent negative 
numbers and to perform subtraction. The operations of addition and subtraction of 
signed numbers can be performed using only the addition operation if we use the 
2’s-complement form to represent negative numbers. 


Addition Positive and negative numbers, including the sign bits, can be 
added together in the basic parallel-adder circuit when the negative numbers are 
in 2’s-complement form. This is illustrated in Figure 6-11 for the addition of —3 
and +6. The —3 is represented in its 2’s-complement form as 1101, where the first 
1 is the sign bit; the +6 is represented as 0110, with the first zero as the sign bit. 
These numbers are stored in their corresponding registers. The 4-bit parallel adder 
produces sum outputs of 0011, which represents +3. The C; output is 1 but is dis- 
regarded in the 2’s-complement method. 


Subtraction When the 2’s-complement system is used, the number to be 
subtracted (the subtrahend) is changed to its 2’s complement and then added to 
the minuend (the number the subtrahend is being subtracted from). For example, 
we can assume that the minuend is already stored in the accumulator (A register). 
The subtrahend is then placed in the B register (in a computer it would be trans- 
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Figure 6-11 Parallel adder used to add + and — numbers in 2's-complement 
system. 


ferred here from memory) and is changed to its 2’s-complement form before it is 
added to the number in the A register. The sum outputs of the adder circuit now 
represent the difference between the minuend and subtrahend. 

The parallel-adder circuit that we have been discussing can be adapted to 
perform the subtraction described above if we provide a means for taking the 2’s 
complement of the B register number. The 2’s complement of a binary number is 
obtained by complementing (inverting) each bit and then adding 1 to the LSB. Fig- 
ure 6-12 shows how this can be accomplished. The inverted outputs of the B reg- 
ister are used rather than the normal outputs; that is, Bo, Bi, Bo, and B; are fed to 
the adder inputs (remember, B; is the sign bit). This takes care of complementing 
each bit of the B number. Also, G is made a logical 1, so that it adds an extra 1 


Figure 6-12 Parallel adder used to perform subtraction 
(A — B) using 2’s-complement system. The bits of the subtrahend 
(B) are inverted, and Cp = 1 to produce the 2’s complement. 
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into the LSB of the adder; this accomplishes the same effect as adding 1 to the LSB 
of the B register for forming the 2’s complement. 

The outputs S; to So) represent the results of the subtraction operation. Of 
course, $3 is the sign bit of the result and indicates whether the result is + or —. 
The carry output C; is again disregarded. 

To help clarify this operation, study the following steps for subtracting +6 
from +4: 


+4 is stored in the A register as 0100. 

. +6 is stored in the B register as 0110. 

. The inverted outputs of the B-register FFs are fed to the adder—that is, 1001. 
. The 1001 is added to 0100 by the parallel adder along with a 1 added to the 
LSB position by making CG = 1. This produces sum output bits 1110 and a 
Cc; = 0, which is disregarded. This 1110 represents the required difference. 
Since the sign bit = 1, it is a negative result and is in 2’s-complement form. 
We can verify that 1110 represents —219 by taking its 2’s-complement and ob- 
taining +240: 


RW N 


1110 
OOO1 
of 1 


0010 = +216 


Combined Addition and Subtraction It should now be clear that the 
basic parallel-adder circuit can be used to perform addition or subtraction depend- 
ing on whether the B number is left unchanged or is converted to its 2’s comple- 
ment. A complete circuit that can perform both addition and subtraction in the 2’s- 
complement system is shown in Figure 6-13. 

This adder/subtractor circuit is controlled by the two control signals ADD 
and SUB. When the ADD level is HIGH, the circuit performs addition of the num- 
bers stored in the A and B registers. When the SUB level is HIGH, the circuit sub- 
tracts the Bregister number from the A-register number. The operation is de- 
scribed as follows: 


1. Assume that ADD = 1 and SUB = 0. The SUB = 0 disables (inhibits) AND 
gates 2, 4, 6, and 8, holding their outputs at 0. The ADD = 1 enables AND 
gates 1, 3, 5, and 7, allowing their outputs to pass the Bo, Bi, Bo, and Bs lev- 
els, respectively. 

2. The levels Bo to B; pass through the OR gates into the 4-bit parallel adder to 
be added to the bits Ap to A3. The sum appears at the outputs Sp to $3. 

3. Note that SUB = 0 causes a carry Co = O into the adder. 

4. Now assume that ADD = 0 and SUB = 1. The ADD = 0 inhibits AND gates 
1, 3, 5, and 7. The SUB = 1 enables AND gates 2, 4, 6, and 8, so that their 
outputs pass the Bo, Bi, Bz, and B; levels, respectively. 

5. The levels Bo to B3 pass through the OR gates into the adder to be added to 
the bits Ao to A3. Note also that Co is now 1. Thus, the B-register number has 
essentially been converted to its 2’s complement. 


6. The difference appears at the outputs Sp to $3. 
Circuits like the adder/subtractor of Figure 6-13 are used in computers be- 


cause they provide a relatively simple means for adding and subtracting signed bi- 
nary numbers. In most computers the outputs present at the S output lines are 
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Figure 6-13 Parallel adder/subtractor using 2’s-complement system. 


usually transferred into the A register (accumulator), so that the results of the addi- 
tion or subtraction always end up stored in the A register. This is accomplished by 
applying a TRANSFER pulse to the CZK inputs of register A. 


REVIEW QUESTIONS 


1. Why does C have to be a 1 in order to use the adder circuit in Figure 
6-12 as a subtractor? 


2. Assume that [A] = 0011 and [B] = 0010 in Figure 6-13. If ADD = 1 and 
SUB = 0, determine the logic levels at the OR-gate outputs. 


. Repeat question 2 for ADD = 0, SUB = 1. 


4. True or false:When the adder/subtractor circuit is used for subtraction, the 
2’s complement of the subtrahend appears at the input of the adder. 


Qe 
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6-16 BCD ADDER 


The BCD addition process was discussed in Section 6-7 and is reviewed below: 


1. Add the BCD code groups for each decimal digit position; use ordinary bi- 
nary addition. 

2. For those positions where the sum is 9 or less, the sum is in proper BCD 
form and no correction is needed. 


3. When the sum of two digits is greater than 9, a correction of 0110 should be 
added to that sum to produce the proper BCD result. This will produce a 
carry to be added to the next decimal position. 


A BCD adder circuit must be able to operate in accordance with the above 
steps. In other words, the circuit must be able to do the following: 


1. Add two 4-bit BCD code groups, using straight binary addition. 


2. Determine if the sum of this addition is greater than 1001 (decimal 9); if it is, 
add 0110 (6) to this sum and generate a carry to the next decimal position. 


The first requirement is easily met by using a 4-bit binary parallel adder such 
as the 74LS83 IC. For example, if the two BCD code groups represented by 
A3A2A;Ay and B3B)B,Bo, respectively, are applied to a 4-bit parallel adder, the 
adder will perform the following operation: 

A3A2A1A9 < BCD code group 
+ B,B,B,By) << BCD code group 
54.53.5251 S9 << straight binary sum 
S; is actually Cy, the carry out of the MSB. 

The sum outputs S;53525;S9 can range anywhere from 00000 to 10010 (when 
both BCD code groups are 1001 = 9). The circuitry for a BCD adder must include 
the logic needed to detect whenever the sum is greater than 01001, so that the cor- 
rection can be added in. These cases where the sum is greater than 01001 are 
listed in Table 6-2. Let’s define X as a logic output that will go HIGH only when 
the sum is greater than 01001 (.e., for the cases listed in Table 6-2). If we examine 
these cases, it can be reasoned that X will be HIGH for either of the following 
conditions. 


Table 6-2 

S4 S3 S2 Si So 

O 1 0) 1 0 (10) 
0 1 0) 1 1 Gay 
Q 1 1 Q 0 (12) 
QO 1 1 O a) (13) 
O 1 1 1 O (14) 
0) 1 1 1 1 (15) 
1 O 0) 0) O (16) 
1 O 0 O 1 (17) 
1 Q 0) ‘) O (18) 
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1. Whenever S; = 1 (sums greater than 15) 
2. Whenever 8; = 1 and either S or S or both are 1 (sums 10 to 15) 


This can be expressed as 

X= H+ SASH + S) 
Whenever X = 1, it is necessary to add the correction 0110 to the sum bits and to 
generate a carry. Figure 6-14 shows the complete circuitry for a BCD adder, includ- 
ing the logic-circuit implementation for X. 

The circuit consists of three basic parts. The two code groups A3A42A1d0 and 
B3B2B,Bo are added together in the upper 4-bit adder to produce the sum 
$4.53525;S9. The logic gates implement the expression for X. The lower 4-bit adder 
will add the correction 0110 to the sum bits on/y when X = 1, producing the final 
BCD sum output represented by 23323120. X is also the carry output that is pro- 
duced when the sum is greater than 01001. Of course, when X = 0, there is no 
carry and no addition of 0110. In such cases, 3222120 = 535251 So. 

To help in the understanding of the BCD adder, the reader should try several 
cases by following them through the circuit. The following cases would be partic- 
ularly instructive: 


Figure 6-14 A BCD adder contains two 4-bit adders and a correction-detector circuit. 
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Inputs 
(a) [A] = 0101, [B] = 0011, G =0 
(b) [4] = 0111, (A) = 0110, GQ =0 
Outputs 
(a) [S] = 01000, X = 0, [£] = 1000, CARRY = 0 
(b) [5S] = 01101, X = 1, [¥] = 0011, CARRY = 1 


Cascading BCD Adders The circuit of Figure 6-14 is used for adding 
two decimal digits that have been encoded in BCD code. When decimal numbers 
with several digits are to be added together, it is necessary to use a separate BCD 
adder for each digit position. Figure 6-15 is a block diagram of a circuit for the ad- 
dition of two 3-digit decimal numbers. The A register contains 12 bits, which are 
the three BCD code groups for one of the three-digit decimal numbers; similarly, 
the B register contains the BCD representation of the other three-digit decimal 
number. The code groups A3-Ap and B3—Bo representing the least significant digits 
are fed to the first BCD adder. Each BCD adder block is assumed to contain the 
circuitry of Figure 6-14. This first BCD adder produces sum outputs %3222120, 
Which is the BCD code for the least significant digit of the sum. It also produces a 
carry output that is sent to the second BCD adder, which is adding A; through A; 
and 5; through £B;, the BCD code groups for the second-decimal-digit position. 
The second BCD adder produces 7 S654, the BCD code for the second digit of 
the sum, and so on. This arrangement can, of course, be extended to decimal 
numbers of any size by simply adding more FFs to the registers and including a 
BCD adder for each digit position. 


Figure 6-15 Cascading BCD adders to add two 3-digit decimal numbers. 
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EXAMPLE 6-11 


Determine the inputs and outputs when the circuit of Figure 6-15 is used to add 
24710 to 538}0. 


solution 


First, the decimal numbers are represented in BCD. 
247 = 0010 0100 0111 (BCD) 
538 = 0101 0011 1000 (BCD) 
These BCD numbers will be placed in the A and B registers, respectively, so that 
[A] = 0010 0100 0111 
[Bb] = 0101 0011 1000 
The CARRY IN to the LSD adder will be a 0. 

Once the data are in the registers, the BCD adders will begin to produce the 
correct BCD sums at their outputs. The LSD adder will add the 0111 (7) and 1000 
(8) to produce a sum of 0101 (5) and a CARRY of 1 into the middle adder. The 
middle adder will add the 0100 (4) and 0011 (3) and the CARRY of 1 to produce a 
sum of 1000 (8) and a CARRY of 0 into the MSD adder. The MSD adder will add 
0010 (2) and 0101 (5) for a sum of 0111 (7) and no CARRY out. Thus, at the sum 
outputs we have 

[x] = 0111 1000 0101 
and there is a CARRY output of 0 from the MSD adder. 


REVIEW QUESTIONS 


1. What are the three basic parts of a BCD adder circuit? 


2. Describe how the BCD adder circuit detects the need for a correction and 
: executes it. 


6-17 BINARY MULTIPLIERS 


The multiplication of two binary numbers is done with paper and pencil by per- 
forming successive additions and shifting. To illustrate: 


1011 multiplicand (11) 
x 1101 multiplier (13) 
1011 
0000 
1011 
1011 
10001111 product (143) 


This process consists of examining the successive bits of the multiplier, beginning 
with the LSB. If the multiplier bit is a 1, the multiplicand is copied down, if it is a 
QO, zeros are written down. The numbers written down in successive lines are 
shifted one position to the left relative to the previous line. When all the multiplier 
bits have been examined, the various lines are added to produce the final product. 
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In the digital machines this process is modified somewhat because the binary 
adder is designed to add only two binary numbers at a time. Instead of adding all 
the lines at the end, they are added two at a time and their sum is accumulated in 
a register (the accumulator register). In addition, when the multiplier bit is 0, there 
is no need to write down and add zeros, since it does not affect the final result. 
The previous example is redone here showing the modified process. 


mulplicand: 1011 
multiplier: 1101 


1011 LSB of multiplier = 1; write down multiplicand; 
shift multiplicand one position to the left (10110) 

1011 2nd multiplier bit = 0; write down previous 
result; shift multiplicand to the left again (101100) 


+ 101100 43rd multiplier bit = 1; write down multiplicand 
(101100) 


110111 add; shift multiplicand to the left again (1011000) 


+ 1011000 4th multiplier bit = 1; write down 
multiplicand (1011000) 


10001111 add to obtain final product 


This multiplication process can be performed by the serial multiplier circuit 
shown in Figure 6-16, which will multiply two 4-bit numbers to produce an 8-bit 
product. The circuit consists of the following elements: 


a X register. A 4-bit shift register that stores the multiplier. It will shift right on 
the NGT (negative going transition) of the clock. Note that Os are shifted in 
from the left. 


a B register. An 8-bit shift register that stores the multiplicand. It will shift left 
on the NGT of the clock. Note that Os are shifted in from the right. 


a A register. An 8-bit register that is the accumulator register that accumulates 
the partial products. 


m Adder. An 8-bit parallel adder that produces the sum of the A and B regis- 
ters. The adder outputs S through Sp are connected to the D inputs of the 
accumulator so that the sum can be transferred to the accumulator only when 
d clock pulse gets through the AND gate. 


The circuit operation can best be described by going through each step in 
the multiplication of 1011 and 1101. The complete process requires four clock cy- 
cles. Refer to Figure 6-17 for the contents of each register and the adder outputs as 
we describe the sequence of steps. 


1. Before first clock pulse. Prior to the occurrence of the first clock pulse, the 
A register is loaded with 00000000, the B register with the multiplicand 
00001011, and the X register with the multiplier 1101. We can assume that 
each of these registers was loaded using its asynchronous inputs (.e., PRE- 
SET and CLEAR). The adder outputs will be the sum of A and B, that is, 
00001011. 


2. First clock pulse. Since the LSB of the multiplier (Xo) is a 1, the first clock 
pulse gets through the AND gate, and its PGT transfers the sum outputs into 
the accumulator. The subsequent NGT causes the X and B registers to shift 
right and left, respectively. This, of course, produces a new sum of A and B. 
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Figure 6-17 Contents of various registers during multiplication of 
JOLI &% 1i0T, 


3. Second clock pulse. The second bit of the original multiplier is now in Xo. 
Since this bit is a 0, the second clock pulse is inhibited from reaching the ac- 
cumulator. Thus, the sum outputs are not transferred into the accumulator 
and the number in the accumulator does not change. The NGT of the clock 
pulse will again shift the X and B registers. 


4. Third clock pulse. The third bit of the original multiplier is now in Xo. Since 
it is a 1, the PGT of the third clock pulse transfers the sum into the A register. 
The NGT shifts XY and B again. 


5. Fourth clock pulse. The last bit of the original multiplier is now in Xo, and 
since it is a 1, the PGT of the fourth clock pulse transfers the sum into the 
accumulator. The accumulator now holds the final product. The NGT shifts X 
and B again. Note that X is now 0000, since all of the multiplier bits have 
been shifted out. 


Software Multiplication Many microprocessors do not include circuitry 
(hardware) in their arithmetic-logic unit (ALU) that can perform multiplication or 
any other complex arithmetic operation (e.g., division, square root, trigonometric 
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functions). For microcomputers that use these microprocessors, multiplication can 
be accomplished by using the program (software) that does the multiplication 
through the repeated execution of addition and shifting instructions. Similar pro- 
grams can be used to perform the other complex arithmetic operations. This use 
of software reduces the amount of circuitry needed in the microprocessor, but, in 
general, it increases the time required to perform a calculation when compared 
with hardware. 


REVIEW QUESTIONS 


1. Describe the sequence of events that occurs in the multiplier circuit dur- 
ing one clock cycle. 


2. True or false: The outputs of the adder are transferred to the accumulator 
on every PGT of the clock. : | | 


6-18 COMPLEX ARITHMETIC INTEGRATED CIRCUITS 


There are several complex ICs available in the TTL and CMOS families that can 
perform one or more types of arithmetic operation. We will briefly describe a few 
of them here to illustrate the range of available devices. 

The 74LS381 and 74HC381 ICs are called arithmetic-logic units/function gen- 
erators. They can perform eight different binary arithmetic and logic operations on 
two 4-bit inputs. These operations, which are selected by a set of three SELECT in- 
puts, include addition, subtraction, ORing, EX-ORing, and ANDing. 

The 74284 and 74285 are parallel binary multipliers. Like the serial multiplier 
circuit of Figure 6-16, these ICs contain the circuitry for generating the product of 
two 4-bit binary numbers. Unlike the serial multiplier circuit, these ICs perform 
parallel multiplication using only combinational logic to look at the two 4-bit in- 
puts and generate the correct 8-bit output product. The total multiplication process 
requires Only about 40 ns. The serial multiplier would take at least four times that 
long because of the need to shift the multiplier and multiplicands four times. 

An Arithmetic Processing Unit (APU) is an LSI device that can perform many 
complex arithmetic operations including: add/subtract; multiply/divide; square 
root; trig functions; inverse trig functions; and logarithms. An APU typically can 
perform these operations on 16-, 32-, and 64-bit numbers in a parallel fashion. 

The APU is designed to receive its data and commands from the micro- 
processor. Once it receives the data and commands, the APU performs the re- 
quested operation in the required number of clock cycles. When it is done, it 
sends a signal to the microprocessor signifying the completion of the operation. 
The microprocessor will then typically take the output data (.e., the answer) from 
the APU’s output pins and put it into one of its internal registers for subsequent 
processing. 

Intel Corporation has developed a series of APUs which it calls coprocessors 
to work in conjunction with its 8086, 80286, 80386 etc. series of microprocessors 
that are used in so many personal and business computers. These coprocessor ICs 
(8087, 80287, 80387 etc.) can perform complex arithmetic operations about 100 
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times faster than the corresponding microprocessors could do them using software 
subroutines. 

Many personal computers provide a socket for a coprocessor chip to be in- 
stalled if the particular computer will be used to do a lot of “number crunching’; 
that is, many engineering or scientific calculations. If a coprocessor is installed, the 
microprocessor will send all complex calculations to the coprocessor to take ad- 
vantage of its high speed operation. 


6-19 IEEE/ANSI SYMBOLS 


Figure 6-18(a) shows the IEEE/ANSI symbol for a 1-bit adder (full adder). Note 
that the symbol & is used to indicate the addition operation. Figure 6-18(b) is the 
IEEE/ANSI symbol for a 4-bit parallel adder like the 7483 and 74283. Note how the 
letters P and O are used to represent the two 4-bit inputs, and & is used for the 
4-bit output sum. The P, Q, and & are specified by the IEEE/ANSI standard and 
must be used inside the symbol outline. The letters used for the inputs and out- 
puts external to the symbol outline are not specified by the standard, and so we 
are free to use A, B, and S, as we did in our earlier discussions. 


pS 

A 

E Sum inputs 
Inputs 
B 
Cally Cl CO Carry : 
e out , 

inputs 


Figure 6-18 JIEEE/ANSI symbols for (a) a full adder and (b) a 4-bit parallel adder IC 


(7583/74283). 


6-20 TROUBLESHOOTING CASE STUDY 


A technician is testing the adder/subtractor redrawn in Figure 6-19 and records the 
following test results for the various operating modes: 


m Mode 1: ADD = 0, SUB = 0. The sum outputs are always equal to the num- 
ber in the A register plus one. For example, when [A] = 0110, the sum is [S] 
= 0111. This is incorrect, since the OR outputs and Co should all be 0 in this 
mode to produce [S] = [A]. 
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Figure 6-19 Parallel adder/subtractor circuit. 


m Mode 2: Add = 1, SUB = 0. The sum is always 1 more than it should be. 
For example, with [A] = 0010 and [B] = 0100, the sum output is 0111 instead 
of 0110. 


m Mode 3: Add = 0, SUB = 1. The S outputs are always equal to [A] — [Bl, as 
expected, 


When he examines these test results, the technician sees that the sum out- 
puts exceed the expected results by 1 for the first two modes of operation. At first 
he suspects a possible fault in one of the LSB inputs to the adder, but he dismisses 
this because such a fault would also affect the subtraction operation, which is 
working correctly. Eventually, he realizes that there is another fault that could add 
an extra 1 to the results for the first two modes without causing an error in the 
subtraction mode. 

Recall that Co is made a 1 in the subtraction mode as part of the 2’s-comple- 
ment operation on [B]. For the other modes, Cp is to be a 0. The technician checks 
the connection between the SUB signal and the @ input to the adder and finds 
that it is open due to a bad solder connection. This open connection explains the 
observed results, since the TTL adder responds as if Co were a constant logic 1, 
causing an extra 1 to be added to the result in modes 1 and 2. The open connec- 
tion would have no effect on mode 3, because Cp is supposed to be a 1 anyway. 


EXAMPLE 6-12 


Consider again the adder/subtractor circuit. Suppose that there is a break in the 
connection path between the SUB input and the AND gates at point x in Figure 
6-19. Describe the effects of this open on the circuit operation for each mode. 
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solution 


First, realize that this fault will produce a logic 1 at the affected input of AND gates 
2, 4, 6, and 8, which will permanently enable each of these gates to pass its B 
input to the following OR gate as shown. 


Mode 1: ADD = 0, SUB = 0. The fault will cause the circuit to perform sub- 
traction—almost. The 1’s complement of [4] will reach the OR gate outputs 
and be applied to the adder along with [A]. With Cy) = 0, the 2’s complement 
of [B] will not be complete; it will be short by 1. Thus, the adder will pro- 
duce [A] — [B] — 1. To illustrate, let’s try [A] = +6 = 0110 and [B] = +3 = 
0011. The adder will add as follows: 

1’s complement of [B] = 1100 

[A] = 0110 

result = YOO10 

disregard carry 


The result is 0010 and +2 instead of 0011 = +3, as it would be for normal 
subtraction. 
Mode 2: ADD = 1, SUB = 0. With ADD = 1, AND gates 1, 3, 5, and 7 will 
pass the B inputs to the following OR gate. Thus, each OR gate will have a B 
and a B at its inputs, thereby producing a 1 output. For example, the inputs 
to OR gate 9 will be By coming from AND gate 2 (because of the fault), and 
Bo coming from AND gate 1 (because ADD = 1). Thus, OR gate 9 will pro- 
duce an output of Bo + Bo = 1. 

The adder will add the 1111 from the OR gates to the [A] to produce a 
sum that is 1 less than [A]. Why? Because 11112 = —1uo. 
Mode 3: ADD = 0, SUB = 1. This mode will work correctly since SUB = 1 
is supposed to enable AND gates 2, 4, 6, and 8 anyway. 


PROBLEMS 


SECTION 6-1 


6-1. Add the following in binary. Check results by doing addition in decimal. 
(a) 1010 + 1011 
(b) 1111 4+ 0011 
(c) 1011.1101 + 11.1 
(d) 0.1011 + 0.1111 
(e) 10011011 + 10011101 


SECTION 6-2 


6-2. Represent each of the following signed decimal numbers in the 2’s- 
complement system. Use a total of 8 bits including sign bit. 
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6-3. 


6-4. 


6-5. 


6-6. 


(a) +32 (ce) =] 


(b) —14 (f) —128 

(c) +63 (g) +169 

(d) —104 (h) 0 

Each of the following numbers represents a signed decimal number in the 


2’s-complement system. Determine the decimal value in each case. (Hint: 
Use negation to convert negative numbers to positive.) 


(a) 01101 (e) 01111111 

(b) 11101 (f) 100000 

(c) 01111011 (g) 11111111 

(d) 10011001 (h) 10000001 

(a) What range of signed decimal values can be represented using 12 bits 


including sign bit? 
(b) How many bits would be required to represent decimal numbers 
from —32,768 16 +32,/6/? 
List, in order, all of the signed numbers that can be represented in 5 bits 
using the 2’s-complement system. 
Represent each of the following decimal values as 5-bit signed binary val- 


ues. Then negate each one. 
(a) +7 (b) -12 () +15 @ —-!1 


- What is the range of unsigned decimal values that can be represented in 


10 bits? What is the range of signed decimal values using the same num- 
ber of bits? 


SECTIONS 6-3 AND 6-4 


6-8. 


6-9. 


The reason why the sign-magnitude method for representing signed num- 

bers is not used in most computers can readily be illustrated by perform- 

ing the following. 

(a) Represent +12 in 5 bits using the sign-magnitude form. 

(b) Represent —12 in 5 bits using the sign-magnitude form. 

(c) Add the two binary numbers and note that the sum does not look 
anything like zero. 


Perform the following operations in the 2’s-complement system. Use 8 bits 
(including the sign bit) for each number. Check your results by converting 
the binary result back to decimal. 

(a) Add +9 to +6. 

(b) Add +14 to —17. 

(c) Add +19 to —24. 

(d) Add —48 to —80. 

(e) Subtract +16 from +17. 

(f) Subtract +21 from —13. 

(g) Subtract +47 from +47. 

Ch) Subtract —36 from —15. 

Gi) Add +17 to —17. 

G) Subtract —17 from —17. 
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6-10. 


Repeat Problem 6-9 for the following cases, and show that overflow oc- 
curs in each case. 

(a) Add +37 to +95. 

(b) Subtract +37 from —95. 


SECTIONS 6-5 AND 6-6 


6-11. 


6-12. 


Multiply the following pairs of binary numbers and check by doing multi- 
plication in decimal. 

(a) 111 X 101 

(b) 1011 X 1011 

(c) 101.101 X 110.010 

(d) .1101 X .1011 


Perform the following divisions. Check the results by doing division in 
decimal. 

(a) 1100 + 100 

(b) 111111 + 1001 

(c) 10111 + 100 

(d) 10110.1101 + 1.1 


SECTIONS 6-7 AND 6-8 


6-13. 


6-14. 


6-15. 


6-16. 


Add the following decimal numbers after converting each to its BCD code. 
(a) 74 + 23 (c) 147 + 380 
(b) 58 + 37 (d) 385 + 118 


Find the sum of each of the following pairs of hex numbers. 
(a) 3E91 + 2F93 

(b) 91B + 6F2 

(c) ABC + DEF 


Perform the following subtractions on the pairs of hex numbers. 
(a) 3E91 — 2F93 (d) 0200 — 0003 
(b) 91B — 6F2 (e) FOOO — EFFF 
(c) 0300 — 005A (f) 2FOO — 4000 


The owner’s manual for a certain personal computer states that the com- 
puter has usable memory locations at the following hex addresses: 0200 
through 03FF, and 4000 through 7FDO. What is the total number of avail- 
able memory locations? 


SECTION 6-11 


6-17. 
6-18. 


Convert the FA circuit of Figure 6-7 to all NAND gates. 

Write the truth table for a half adder (inputs A and B,; outputs SUM and 
CARRY). From the truth table design a logic circuit that will act as a half 
adder. 


6-19. A full adder can be implemented in many different ways. Figure 6-20 


shows how one may be constructed from two half adders. Construct a 
truth table for this arrangement and verify that it operates as a FA. 
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SUM 


CARRY OUT 


Full adder 


Figure 6-20 


SECTION 6-12 


6-20. Refer to Figure 6-9. Determine the contents of the A register after the 
following sequence of operations: [A] = 0000, [0101] —> [BI], [Ss] > [A], 
[1011] > [4], [S] > [Al]. 

6-21. Refer to Figure 6-9. Assume that each FF has #4 = fu, = 30 ns and a 
setup time of 10 ns, and that each FA has a propagation delay of 40 ns. 
What is the minimum time allowed between the PGT of the LOAD pulse 


and the PGT of the TRANSFER pulse for proper operation? 


6-22. In the adder and subtractor circuits discussed in this chapter we gave no 
consideration to the possibility of overflow. Overflow occurs when the 
two numbers being added or subtracted produce a result that contains 
more bits than the capacity of the accumulator. For example, using 4-bit 
registers, including a sign bit, numbers ranging from +7 to —8 (in 2’s 
complement) can be stored. Therefore, if the result of an addition or sub- 
traction exceeds +7 or —8, we would say that an overflow has occurred. 
When an overflow occurs, the results are useless since they cannot be 
stored correctly in the accumulator register. To illustrate, add +5 (0101) 
and +4 (0100), which results in 1001. This 1001 would be interpreted in- 
correctly as a negative number since there is a 1 in the sign-bit position. 

In computers and calculators there are usually circuits that are used to 
detect an overflow condition. There are several ways to do this. One 
method that can be used for the adder that operates in the 2’s-comple- 
ment system works as follows: 


1. Examine the sign bits of the two numbers being added. 
2. Examine the sign bit of the result. 


3. Overflow occurs whenever the numbers being added are both positive 
and the sign bit of the result is 1 or when the numbers are both nega- 

tive and the sign bit of the result is 0. 

This method can be verified by trying several examples. Readers 
should try the following cases for their own clarification: (1) 5 + 4; 
(2) —4 + (—6); 3) 3 + 2. Cases 1 and 2 will produce an overflow and 
case 3 will not. Thus, by examining the sign bits a logic circuit can be de- 
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signed that will produce a 1 output whenever the overflow condition oc- 
curs. Design this overflow circuit for the adder of Figure 6-9. 


SECTION 6-13 


YW 6-23. Design a look-ahead carry circuit for the adder of Figure 6-9 which gener- 
< 


ates the carry C3 to be fed to the FA of the MSB position based on the val- 
ues of Ao, Bo, Co, Ai, Bi, Az, and Ao. In other words, derive an expression 
for C3 in terms of Ao, Bo, G, Ai, Bi, A2, and Bo. (Hint: Begin by writing the 
expression for C; in terms of Ao, Bo, and Co. Then write the expression for 
C, in terms of A;, Bi, and G. Substitute the expression for C; into the ex- 
pression for C. Then write the expression for C3 in terms of Az, Bo, and 
C>. Substitute the expression for C into the expression for C3. Simplify the 
final expression for C3 and put it in sum-of-products form. Implement the 
circuit. ) 


NW? 


= 


SECTION 6-14 
6-24. Show the logic levels at each input and output of Figure 6-10(@a) when 
3548 is added to 103s. 
SECTION 6-15 


6-25. For the circuit of Figure 6-13, determine the sum outputs for the following 


cases. 

(a) A register = 0101 (+5), B register = 1110 (—2); SUBTRACT = 1, 
ADD = 0 

(b) A register = 1100 (—4), B register = 1110 (—2); SUBTRACT = 0, 
ADD = 1 


6-26. Modify the circuit of Figure 6-13 so that a single control input, X, is used 
in place of ADD and SUB. The circuit is to function as an adder when X 
= 0, and as a subtractor when X = 1. Then simplify each set of gates. 
(Hint: Note that now each set of gates is functioning as a controlled in- 
verter. ) 


SECTION 6-16 


6-27. Assume the following inputs in Figure 6-14: [A] = 0101, [B] = 1001, @ = 
0. Determine the logic levels at [5], X, [2], and CARRY. 

6-28. Would it make any difference in the BCD adder of Figure 6-14 if the Co of 
the upper adder was held LOW while the Co of the lower adder was used 
as the carry input? Explain. 

6-29. Assume that the A register in Figure 6-15 holds the BCD code for 376, and 
the B register holds the BCD code for 469. Determine the outputs. 


SECTION 6-17 


6-30. Refer to the circuit of Figure 6-16. Assume that the B register initially holds 
the multiplicand 0111 and the X register holds the multiplier 1001. Also as- 
sume [A] = 00000000 prior to the first clock pulse. Show the contents of 
registers A, B, and X after each clock pulse. 
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Table 6-3 


Multiplicand Multiplier Result 
+ 2 60 
) 4 45 
15 2 22) 
2 15 30 
1 7 1D 


SECTION 6-20 


4 6-31. 


4 6-32. 
4 6-33. 


4 6-34. 


The serial multiplier circuit of Figure 6-16 is tested using various values 
for the multiplicand and multiplier. The results are recorded in Table 6-3. 
Examination of these test data shows that the circuit is operating incor- 
rectly. Consider each of the following possible faults, and for each indicate 
whether or not it could be the actual fault. Explain each answer. (Hint: 
See if there is a pattern in the recorded data.) 

(a) The AND gate inputs are shorted together. 

(b) There is a break in the Xo connection to the AND gate. 

(c) The D input of flip-flop 3 is open. 

Assume that there is a broken connection at @ in the serial multiplier cir- 
cuit of Figure 6-16. Show how the operation will be affected by this fault. 
The serial multiplier circuit of Figure 6-16 is tested by a technician who 
records the results shown in Table 6-4. Examine the recorded data and try 
to determine one or more possible causes of the faulty operation. 


Table 6-4 
Multiplicand Multiplier Result 
2 2 6 
e) 4 12 
4+ 6 8 
6 4 8 
7 S) 1] 
12 8 0 
7 Z 1 


The BCD adder of Figure 6-14 is tested and the results are recorded in 

Table 6-5. Consider each of the following possible faults, and indicate 

whether or not it could be the actual fault. Explain each answer. 

(a) The A; and Ap inputs of the correction adder are internally shorted 
together. 

(b) There is an open path from X to the correction adder. 

(c) The upper OR gate inputs are internally shorted together. 

(d) The AND gate output is stuck LOW. 
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Table 6-5 


B3B2B, Bo A3A2A1Ao 3222120 CARRY (CX) 
1). 0011 0110 1001 0 
(2) O11] 1000 1111 @) 
(3) 1001 1001 0010 0 


DRILL QUESTION 


6-35. 


Define each of the following terms. 
(a) Full adder 

(b) 2’s-complement 

(c) Arithmetic-logic unit 
(d) Sign bit 

(e) Overflow 

(f) Accumulator 

(g) Parallel adder 

Ch) Look-ahead carry 
Gi) Negation 

Gj) B-register 


MICROCOMPUTER APPLICATION 


6-36. 


6-37. 


In a typical microprocessor ALU, the results of every arithmetic operation 
are usually (but not always) transferred to the accumulator register as in 
Figures 6-9, 6-13, an 6-16. In most microprocessor ALUs the result of each 
arithmetic operation is also used to control the states of several special 
flip-flops called flags. These flags are used by the microprocessor when it 
is making decisions during the execution of certain types of instructions. 
The three most common flags are: 


S (sign flag). This FF is always in the same state as the sign of the last 
result from the ALU. 


Z (zero flag). This flag is set to 1 whenever the result from an ALU op- 
eration is exactly zero. Otherwise it is cleared to 0. 


C (carry flag). This FF is always in the same state as the carry from the 
MSB of the ALU. 


Using the adder/subtractor of Figure 6-13 as the ALU, design the logic cir- 
cuit that will implement these flags. The sum outputs and C; output are to 
be used to control what state each flag will go to upon the occurrence of 
the TRANSFER pulse. For example, if the sum is exactly zero (i.e., 0000), 
the Z flag should be set by the PGT of TRANSFER; otherwise it should be 
cleared. 


In working with microcomputers it is often necessary to move binary 
numbers from an 8-bit register to a 16-bit register. Consider the numbers 
01001001 and 10101110, which represent +73 and —82, respectively, in 
the 2’s-complement system. Determine the 16-bit representations for these 
decimal numbers. 
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6-38. Compare the 8- and 16-bit representations for +73 from Problem 6-37. 
Then compare the two representations for —82. There is a general rule 
that can be used to convert easily from 8-bit to 16-bit representations. Can 
you see what it is? It has something to do with the sign bit of the 8-bit 
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number. 


ANSWERS TO SECTION REVIEW QUESTIONS 


SECTION 6-1 


1. (a) 11101 (b) 101.111 
(c) 10010000 


SECTION 6-2 


1. (a) 01101 (b) 11001 (c) 10000 


2. (a) —29 (b) —64 (c) +63 
3. —2048 to +2047 4. Seven 

5. —32768 6. (a) 10000 

(b) 10000000 (c) 1000 

7. Refer to text. 


SECTION 6-3 


1. True 2. (a) 1000102 = —30i0 
(b) 0000002 = 010 


SECTION 6-4 


1. (a) O11112 = +1540 

(b) 111112 — —lio 

2. By comparing the sign bit of the sum 
with the sign bits of the numbers being 
added 


SECTION 6-8 
1. 923 2. 3DB 
SECTION 6-10 


1. Three; two 2. (a) 2 =0,G=1 
(b) Gs = 0 


SECTION 6-12 
1. One, four, four 2. 0010 
SECTION 6-15 


1. To add the 1 needed to complete the 
2’s-complement representation of the 
number in the B register 2. 0010 

3. 1101 4. False; the 1’s complement 
appears there. 


SECTION 6-16 


1. Two 4-bit adders and correction logic 
2. The correction logic detects a sum 
greater than 9 and then causes a 0110 to 
be added to the sum. 


SECTION 6- 
ae SECTION 6-17 
1. 1100010 
1. Current sum is transferred to A; 
SECTION 6-7 multiplicand and multiplier are shifted; 


1. The sum of at least one decimal digit 
position is greater than 1001 (9). 

2. Correction factor is added to both the 
units and tens digit positions. 
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7-24 Troubleshooting 


Epererneetts 


OBJECTIVES 


Geiser 


Upon completion of this chapter, you will be able to: 
m Understand the operation and characteristics of synchronous and asyn- 
chronous counters. 
m Construct counters with MOD numbers less than 2”. 
m Identify IEEE/ANSI symbols used in IC counters and registers. 
m@ Construct both up and down counters. 
m Connect up multistage counters. 
m Analyze and evaluate various types of presettable counters. 
m@ Design arbitrary-sequence synchronous counters. 


m Understand several types of schemes used to decode different types of 
counters. 


m Eliminate decoder spikes by employing a technique called strobing. 
mw Compare the major differences between the ring and Johnson counters. 


m Analyze the theory of operation of a frequency counter and of a digital 
clock. 


m Recognize and understand the operation of various types of registers. 


mw Apply existing troubleshooting techniques used for combinational logic 
systems to troubleshoot sequential logic systems. 


INTRODUCTIO 


In Chapter 5 we saw how flip-flops could be connected to function as counters 
and registers. At that time we studied only the basic counter and register circuits. 
Digital systems employ many variations of these basic circuits, mostly in inte- 
grated-circuit form. In this chapter we will look at how FFs and logic gates can be 
combined to produce different types of counters and registers. 

We will present several practical applications to illustrate the many ways in 
which these logic circuits can be used in digital systems. We will also look at sev- 
eral of the numerous counters and registers that are available as ICs. 
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An understanding of the material in this chapter is a good indication that the 
principles of the preceding chapters have been mastered. 


7-1 ASYNCHRONOUS (RIPPLE) COUNTERS 


Figure 7-1 shows a 4-bit binary counter circuit such as the one discussed in Chap- 
ter 5. Recall the following points concerning its operation: 


1. The clock pulses are applied only to the CZK input of flip-flop A. Thus, flip- 
flop A will toggle (change to its opposite state) each time the clock pulses 
make a negative (HIGH to LOW) transition. Note that /= K = 1 for all FFs. 

2. The normal output of flip-flop A acts as the CLK input for flip-flop B, and so 
flip-flop B will toggle each time the A output goes from 1 to 0. Similarly, flip- 
flop C will toggle when B goes from 1 to 0 and flip-flop D will toggle when 
C’ goes from 1 to 0. 


Figure 7-1 = Four-bit asynchronous (ripple) counter. 


*All J and K inputs 
assumed to be 1. 


Number of clock pulses 
0 


COI OO BIW N — 


15 
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3. FF outputs D, C, B, and A represent a 4-bit binary number with D as the 
MSB. Let’s assume that all FFs have been cleared to the 0 state (CLEAR inputs 
are not shown). The table in Figure 7-1 shows that a binary counting se- 
quence from 0000 to 1111 is followed as clock pulses are continuously ap- 
plied. 

4. After the fifteenth clock pulse has occurred, the counter FFs are in the 1111 
condition. On the sixteenth clock pulse, flip-flop A goes from 1 to 0, which 
causes flip-flop B to go from 1 to 0, and so on until the counter is in the 
0000 state. In other words, the counter has gone through one complete cycle 
(0000 through 1111) and has recycled back to 0000, from where it will begin 
a new counting cycle as subsequent clock pulses are applied. 


This type of counter, where each FF output serves as the CZK input signal for 
the next FF, is referred to as an asynchronous counter. This is because all the 
FFs do not change states in exact synchronism with the clock pulses; only flip-flop 
A responds to the clock pulses. Flip-flop B has to wait for flip-flop A to change 
states before it is toggled; flip-flop C has to wait for flip-flop 5; and so on. Thus, 
there is a delay between the responses of consecutive FFs. In modern FFs this 
delay may be very small (typically 10 to 40 ns), but in some cases, as we shall see, 
it can be troublesome. Because of the manner in which this type of counter oper- 
ates, it is also commonly referred to as a ripple counter. In the following discus- 
sions we will use the terms “asynchronous counter” and “ripple counter” inter- 
changeably. 


EXAMPLE 7-1 


The counter in Figure 7-1 starts off in the 0000 state and then clock pulses are ap- 
plied. Some time later the clock pulses are removed and the counter FFs read 
0011. How many clock pulses have occurred? 


Solution 


The apparent answer seems to be 3, since 0011 is the binary equivalent of 3. How- 
ever, with the information given there is no way to tell whether the counter has re- 
cycled or not. This means that there could have been 19 clock pulses; the first 16 
pulses bring the counter back to 0000 and the last 3 bring it to 0011. There could 
have been 35 pulses (two complete cycles and then 3 more), or 51 pulses, and so 
on. 


MOD Number _ The counter in Figure 7-1 has 16 distinctly different states 
(0000 through 1111). Thus, it is a MOD-16 ripple counter. Recall that the MOD 
number is always equal to the number of states which the counter goes through in 
each complete cycle before it recycles back to its starting state. The MOD number 
can be increased simply by adding more FFs to the counter. That is, 


MOD number = 2% (7-1) 
where Nis the number of FFs connected in the arrangement of Figure 7-1. 
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EXAMPLE *=2 


A counter is needed that will count the number of items passing on a conveyor 
belt. A photocell and light source combination is used to generate a single pulse 
each time an item crosses its path. The counter has to be able to count as many as 
one thousand items. How many FFs are required? 


Solution 


It is a simple matter to determine what value of N is needed so that 2’ = 1000. 
Since 2? = 512, 9 FFs will not be enough. 2!° = 1024, so 10 FFs would produce a 
counter that could count as high as 11111111112 = 10239. Therefore, we should 
use 10 FFs. We could use more than 10, but it would be a waste of FFs, since any 
FF past the tenth one will never be toggled. 


Frequency Division — In Chapter 5 we saw that in the basic counter each 
FF provides an output waveform that is exactly half the frequency of the wave- 
form at its CLK input. To illustrate, suppose that the clock signal in Figure 7-1 is 
16 kHz. Figure 7-2 shows the FF output waveforms. The waveform at output A is 
an 8-kHz square wave, at output B it is 4 kHz, at output C it is 2 kHz, and at 
output D it is 1 kHz. Notice that the output of flip-flop D has a frequency equal 
to the original clock frequency divided by 16. In general, for any counter the out- 
put from the last FF (i.e., the MSB) divides the input clock frequency by the MOD 
number of the counter. For example, a MOD-16 counter could also be called a 
divide-by-16 counter. 


CLOCK 


Figure 7-2. Counter-waveforms showing frequency division by 2 for each FF. 


EXAMPLE 7-3 


The first step involved in building a digital clock is to take the 60-Hz signal and 
feed it into a Schmitt trigger pulse-shaping circuit* to produce a square wave as il- 
lustrated in Figure 7-3. The 60-Hz square wave is then put into a MOD-60 counter, 
which is used to divide the 60-Hz frequency by exactly 60 to produce a 1-Hz wave- 


*See Section 5-21. 
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form. This 1-Hz waveform is fed to a series of counters, which then count seconds, 
minutes, hours, and so on. How many FFs are required for the MOD-60 counter? 


MOD-60 e Counters, - 
sous! L displays,etc. | 


Figure 7-3. Example 7-3. 


Solution 


There is no integer power of 2 that will equal 60. The closest is 2° = 64. Thus, a 
counter using six FFs would act as a MOD-64 counter. Obviously, this will not sat- 
isfy the requirement. It seems that there is no solution using a counter of the type 
shown in Figure 7-1. This is partly true; in the next section we will see how to 
modify this basic binary counter so that virtually any MOD number can be ob- 
tained and we will not be limited to values of 2%. 


REVIEW QUESTIONS 


1. True or false: In an asynchronous counter, all FFs change states at the 
same time. |. LL : 

2. Assume that the counter in Figure 7-1 is holding the count 0101. What 
will be the count after 27 clock pulses? _. 


{-2 COUNTERS WITH MOD NUMBERS < 2" 


The basic ripple counter of Figure 7-1 is limited to MOD numbers that are equal to 
2’, where JN is the number of FFs. This value is actually the maximum MOD num- 
ber that can be obtained using WN flip-flops. The basic counter can be modified to 
produce MOD numbers less than 2% by allowing the counter to skip states that are 
normally part of the counting sequence. One of the most common methods for 
doing this is illustrated in Figure 7-4, where a 3-bit ripple counter is shown. Disre- 
garding the NAND gate for a moment, we can see that the counter is a MOD-8 bi- 
nary counter which will count in sequence from 000 to 111. However, the pres- 
ence of the NAND gate will alter this sequence as follows: 


1. The NAND output is connected to the asynchronous CLEAR inputs of each 
FF. As long as the NAND output is HIGH, it will have no effect on the 
counter. When it goes LOW, however, it will clear all the FFs so that the 
counter immediately goes to the 000 state. 

2. The inputs to the NAND gate are the outputs of the B and C flip-flops, and 
so the NAND output will go LOW whenever B= C'= 1. This condition will 
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All J, K 
inputs are 1. 


NAND 14 
output / / 
@) 


Figure 7-4 MOD-6 counter produced by clearing a MOD-8 counter when count 
of six (110) occurs. 


occur when the counter goes from the 101 state to the 110 state (input pulse 
6 on waveforms). The LOW at the NAND output will immediately (generally 
within a few nanoseconds) clear the counter to the 000 state. Once the FFs 
have been cleared, the NAND output goes back HIGH, since the B= C= 1 
condition no longer exists. 


3. The counting sequence is, therefore, 
CBA 
000 
001 
010 
O11 
100 
101 


110 (temporary state needed to clear counter) 


Although the counter does go to the 110 state, it remains there for only a few 
nanoseconds before it recycles to 000. Thus, we can essentially say that this 
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counter counts from 000 (zero) to 101 (five) and then recycles to 000. It es- 
sentially skips 110 and 111 so that it goes through only six different states; 
thus, it is a MOD-6 counter. 


Notice that the waveform at the B output contains a spike or glitch caused by 
the momentary occurrence of the 110 state before clearing. This glitch is very nar- 
row and so would not produce any visible indication on indicator LEDs or numeri- 
cal displays. It could, however, cause a problem if the B output is being used to 
drive other circuitry outside the counter. It should also be noted that the C output 
has a frequency equal to one-sixth of the input frequency; in other words, this 
MOD-6 counter has divided the input frequency by six. The waveform at Cis not 
a symmetrical square wave (50 percent duty cycle), because it is HIGH for only 
two clock cycles, whereas it is LOW for four cycles. 


EXAMPLE 7-4 


Draw the state transition diagram for the counter of Figure 7-4. 


Solution 


Figure 7-5 shows how flip-flops C, B, and A change states as pulses are applied to 
the CLK input of flip-flop A. Recall that each circle represents one of the possible 
counter states, and that the arrows indicate how one state changes to another in 
response to an input clock pulse. 

If we assume a starting count of 000, the diagram shows that the states of the 
counter change normally up until the count of 101. When the next clock pulse oc- 
curs, the counter temporarily goes to the 110 count before going to the stable 000 
count. The dotted lines indicate the temporary nature of the 110 state. As stated 
earlier, the duration of this temporary state is so short that for most purposes we 
can consider that the counter goes directly from 101 to 000 (solid arrow). 

Note that the 111 state is never reached, not even temporarily. 


Figure 7-5 State transition diagram for the MOD-6 
counter of Figure 7-4. 
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Changing the MOD Number _ The counter of Figure 7-4 is a MOD-6 
counter because of the choice of inputs to the NAND gate. Any desired MOD 
number can be obtained by changing these inputs. For example, using a three- 
input NAND gate with inputs A, B, and C, the counter would function normally 
until the 111 condition was reached, at which point it would immediately reset to 
the 000 state. Ignoring the temporary excursion into the 111 state, the counter 
would go from 000 through 110 and then recycle back to 000, resulting in a 
MOD-7 counter (seven states). 


EXAMPLE 7-5) 


Determine the MOD number of the counter in Figure 7-6(a). Also determine the 
frequency at the D output. 


*All J, K inputs are HIGH 


*All J, K inputs are HIGH 


(b) 
Figure 7-6 (a) MOD-14 ripple counter: (b) MOD-10 (decade) ripple 
counter, 
Solution 


This is a 4-bit counter, which would normally count from 0000 through 1111. The 
NAND inputs are D, C, and B, which means that the counter will immediately re- 
cycle to 0000 when the 1110 (decimal 14) count is reached. Thus, the counter 
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actually has 14 stable states 0000 through 1101 and is therefore a MOD-14 counter. 
Since the input frequency is 30 kHz, the frequency at output D will be 
30 kHz 


= 2.14 kH 
14 . 


General Procedure To construct a counter that starts counting from all 0s 
and has a MOD number of X: 


1. Find the smallest number of FFs such that 2% = X and connect them as a 
counter. If 2 = X, do not do steps 2 and 3. 


2. Connect a NAND gate to the asynchronous CLEAR inputs of all the FFs. 


3. Determine which FFs will be in the HIGH state at a count = X; then connect 
the normal outputs of these FFs to the NAND gate inputs. 


EXAMPLE 7-6 


Construct a MOD-10 counter that will count from 0000 (zero) through 1001 (deci- 
mal 9). 


Solution 


2> = 8 and 2‘ = 16; thus, four FFs are required. Since the counter is to have stable 
operation up to the count of 1001, it must be reset to zero when the count of 1010 
is reached. Therefore, FF outputs D and B must be connected as the NAND gate 
inputs. Figure 7-6(b) shows the arrangement. 


Decade Counters/BCD Counters — The MOD-10 counter of Example 7-6 
is also referred to as a decade counter. In fact, a decade counter is any counter 
that has 10 distinct states, no matter what the sequence. A decade counter such as 
the one in Figure 7-6(b), which counts in sequence from 0000 (zero) through 1001 
(decimal 9), is also commonly called a BCD counter, because it uses only the 10 
BCD code groups 0000, 0001, ... , 1000, and 1001. To reiterate, any MOD-10 
counter is a decade counter; and any decade counter that counts in binary from 
OO000 to 1001 is a BCD counter. 

Decade counters, especially the BCD type, find widespread use in applica- 
tions where pulses or events are to be counted and the results displayed on some 
type of decimal numerical readout. We shall examine this later in more detail. A 
decade counter is also often used for dividing a pulse frequency exactly by 10. 
The input pulses are applied to flip-flop A and the output pulses are taken from 
the output of flip-flop D, which has one-tenth the frequency of the input. 


EXAMPLE {(- 7 


In Example 7-3 a MOD-60 counter was needed to divide the 60-Hz line frequency 
down to 1 Hz. Construct an appropriate MOD-60 counter. 


Solution 


2° = 32 and 2° = 64, and so we need six FFs, as shown in Figure 7-7. The counter 
is to be cleared when it reaches the count of sixty (111100). Thus, the outputs of 
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flip-flops C, D, &, and F must be connected to the NAND gate. The output of flip- 
flop F will have a frequency of 1 Hz. 


F od E D J Cc B J A J 
GO GO <4 @ GO YO < 60 H:z 
CLR K CLR K CLR K CLR K CLR K CLR K} JLIELIL 
O) CO) C) CO) C) O) 


1-Hz 


0 AllJ=K=1 


mmOoOC 


Figure 7-7 MOD-60 counter. 


REVIEW QUESTIONS 


1. What FF outputs should be connected to the clearing NAND gate to form 
aMOD ijcounte: | ss. . 

2. True or false: All BCD counters are decade counters. 

3. What is the output frequency of a decade counter that is clocked from a 
50-kHz signal? — 


{-3 IC ASYNCHRONOUS GOUNTERS 


There are several TTL and CMOS asynchronous counter ICs. One of them is the 
TTL 74293 (74LS293, etc.). Figure 7-8(a) shows the logic diagram for the 74293 as 
it would appear in the manufacturer’s TTL data book. Some of the nomenclature is 
different from what we have been using, but it should be easy to figure out. Note 
the following points: 


1. The 74293 has four J-K flip-flops with outputs Qo, Qi, Q2, Q3, where Qo is the 
LSB and Qs; is the MSB. The FFs are shown arranged with the LSB on the left. 
This is done to satisfy the convention that the circuit input signals appear on 
the left. We have been drawing our counters with LSB on the right so that 
the order of the FFs is the same as the order of the bits in the binary count. 


2. Each FF has a CP (clock pulse) input, which is just another name for the CLK 
input. The clock inputs to Qo and Qi, labeled CP» and CP,, respectively, are 
externally accessible. The inversion bars over these inputs indicate that they 
are activated by a NGT. 


3. Each FF has an asynchronous CLEAR input, Cp. These are connected to- 
gether to the output of a two-input NAND gate with inputs MR; and MR,, 
where MR stands for master reset. Both MR inputs must be HIGH to clear the 
counter to OOOO. 

4. Flip-flops Qi, Q2, and Q3 are already connected as a 3-bit ripple counter. 
Flip-flop Qo is not connected to anything internally. This allows the user the 
option of either connecting Qp to Q; to form a 4-bit counter, or using Qo sep- 
arately if desired. 
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74293 


CP, Cre: 
cP, 
MR, 
MR, 
Q, Q, oF Q, 
(LSB) (MSB) 


*All J, K inputs are internally 


(a) connected HIGH. 


ah CP, 
74293 
KO CP, 
MR, MR, Q; Q, Q, Qp 
(MSB) (LSB) 
(b) 


Figure 7-8 (a) Logic diagram for 7493 and 74293 asynchronous counter IC; (b) simplified 
symbol. (Courtesy of Fairchild, a Schlumberger company) 


The following examples will illustrate some of the ways the 74293 can be 
wired to produce different counters. In these examples we will use the simplified 
logic symbol shown in Figure 7-8(b). 


EXAMPLE 7-8 


Show how the 74293 should be connected to operate as a MOD-16 counter with a 
10-kHz clock input. 


Solution 


A MOD-16 counter requires four FFs, and so we have to connect the Qo output to 
CP;, the clock input of flip-flop Q: (see Figure 7-9). The 10-kHz pulses are applied 
to C’Po, the clock input of Qo. The output is taken at Q3. 
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10 kHz 


f= 10 kHz/16 = 625. Hz 


Figure 7-9 74293 wired as a MOD-16 counter. 


EXAMPLE 7-9 


Show how to wire the 74293 as a MOD-10 counter. 


Solution 


A MOD-10 counter requires four FFs, and so again we need to connect Qp to CP. 
This time, however, we want the counter to recycle back to 0000 when it tries to 
go to the count of 1010 (ten). Thus, the Q3 and Q; outputs have to be connected 
to the master reset inputs; when they both go HIGH at the count of 1010, the 
NAND output will immediately reset the counter to 0000. 

The circuit wiring is shown in Figure 7-10. The state transition diagram is 
also shown. Note that the temporary 1010 state is not shown. 


Figure 7-10 74293 wired as a MOD-10 counter. 


MR, 


f = 10 kHz/10 = 1 kHz 
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EXAMPLE 7-10 


Show how to wire a 74293 as a MOD-14 counter. 


f= 10 kHz/14 = 714 Hz 


Figure 7-11 An external AND gate is needed to wire the 74293 as a 
MOD-14 counter. 


Solution 


When the counter reaches the count of 1110 (14), the Q3, Q2, and Q; outputs are 
all HIGH. Unfortunately, the 74293’s built-in reset NAND gate has only two inputs. 
Thus, we have to add some extra logic to ensure that the counter will reset back 
to 0000 when Q3 = Q2 = Q; = 1. In fact, all we need is a two-input AND gate as 
shown in Figure 7-11. 


EXAMPLE 7-11 


In Example 7-7 we divided the input frequency by 60 with a MOD-60 counter 
using six J-K flip-flops and a NAND gate. Another way to get a MOD-60 counter is 
shown in Figure 7-12. Explain how this circuit works. 


Figure 7-12 Two 74293s can be combined to provide a frequency division 
of 60. 


MOD-6 — MOD-10 = 


not used 


Tsuf = f,,/60 
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Solution 


This circuit divides the input frequency by 60 in two steps. The 74293 counter on 
the right is wired as a MOD-10 counter so that its output Q; has a frequency = 
fio/10. This signal is connected to the CP; input of the second 74293 counter, 
which is wired as a MOD-6 counter (note that Qo is not being used). Thus, the OQ; 
output of the second counter will have a frequency 


p, = finl lO _ Sin 
Jout 6 60 


Example 7-11 shows that two (or more) counters can be cascaded to pro- 
duce an overall MOD number equal to the product of their individual MOD num- 
bers. This can be very useful in applications where a large amount of frequency 
division is required. 


IKEE/ANSI Symbol for 74293 Counter — Figure 7-13 shows the 


IEEE/ANSI symbol for the 74293. This symbol contains several new aspects of the 
IEEE/ANSI standard. As we describe these, you should continue to appreciate how 
the new IEEE/ANSI symbology is designed to tell us a lot about the IC’s operation. 

The symbol contains three distinct blocks. The top block (with the notches) 
is the common-control block. The notation “CTR” defines this IC as a counter. Re- 
call from our discussion in Chapter 5 that the common-control block is used 
whenever an IC has one or more inputs that are common to more than one of the 
circuits on the chip. For the 74293, the MR; and Mk; inputs are common to all the 
FFs in the counter. 

MR, and Mk; are shown as active-HIGH inputs that are internally combined 
using the AND operation as indicated by the “&” notation. This indicates that both 
MR, and Mk; must be in their active states in order to clear the counter. The nota- 
tion “CT = 0” tells us that the action of the MR inputs is to make the count equal 
ZeTO, 

The middle block is labeled “DIV2” to indicate that it is a MOD-2 counter, 
which of course is a single FF. DIV2 means that the counter will divide its clock 


Figure 7-13. JEEE/ANSI symbol for the 74293 IC. 


74293 


Common 
control block 
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input frequency by 2. The bottom block is labeled “DIV8” to indicate that it is a 
MOD-8 counter. The clock inputs to each of these blocks are shown as activated 
by negative-going transitions. The “+” notation on each clock input indicates that 
the NGT of the clock will cause the count to be incremented by 1. In other words, 
the counter counts up on each NGT. A “— ” notation would be used for a down 
counter (see Section 7-4). 

While we will continue to use the traditional symbol for the 74293 and other 
counters, we will use some of the notation from the IEEE/ANSI symbology. For ex- 
ample, we will indicate a counter’s MOD number using the DIV” notation, where 
n is the MOD number. 


CMOS Asynchronous Counters There are several asynchronous coun- 
ters in the CMOS family. Most of them are equivalents to the TTL versions. There 
are, however, some CMOS asynchronous counter ICs that do not have the TTL 
counterpart. One of these is the 74HC4024; its logic symbol is shown in Figure 
7-14. It is a 7-bit counter with one asynchronous master reset input. The seven FFs 
are internally connected as a MOD-128 ripple counter. The MR input is active- 
HIGH and can be used to reset all the FFs to the 0 state. Note that we have used 
the notation “CTR DIV128” to signify that this is a MOD-128 counter. 

Another CMOS ripple counter that has no TTL counterpart is the 74HC4040, 
which is a 12-bit counter with a single active-HIGH master reset input. The clock 
input to this counter is a Schmitt-trigger type of input that permits the use of slow- 
changing signals without producing erratic counting. 


CTR 
DIV128 


"+" indicates 
count-up 
operation 


MR G. ©¢ 0; © © 0, G, 
(MSB) (LSB) 


Figure 7-14 Logic symbol for the CMOS 74HC4024 ripple 
counter. 


REVIEW QUESTIONS 


1. A 2-kHz clock signal is applied to CP: of a 74293. What is the frequency 
at O3? 

2. What would be the final output frequency if the order of the counters 
were reversed in Figure 7-12? 


3. What is the MOD number of a 74HC4040 counter? 


4. What would the notation “DIV64” mean on a counter symbol? 
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{-4 ASYNCHRONOUS DOWN COUNTER 


All the counters we have looked at thus far have counted upward from zero; that 
is, they were up counters. It is a relatively simple matter to construct asynchronous 
(ripple) down counters, which will count downward from a maximum count to 
zero. Before looking at a ripple down counter, let us examine the count-down se- 
quence for a 3-bit down counter: 


CBA 
(7) 111 
(0) 110 
(5) 101 
(4) 100 Recycles 
(3) O11 
(2) 010 
(1) 001 
(0) 000 


A, B, and C' represent the FF output states as the counter goes through its se- 
quence. It can be seen that the A flip-flop (LSB) changes states (toggles) at each 
step in the sequence just as it does in the up counter. The B flip-flop changes 
states each time A goes from LOW to HIGH; C’ changes states each time B goes 
from LOW to HIGH. Thus, in a down counter each FF, except the first, must toggle 
when the preceding FF goes from LOW to HIGH. If the FFs have CZK inputs that 
respond to negative transitions (HIGH to LOW), then an inverter can be placed in 
front of each CLK input; however, the same effect can be accomplished by driving 
each FF CLK input from the inverted output of the preceding FF. This is illustrated 
in Figure 7-15 for a MOD-8 down counter. 

The input pulses are applied to the A flip-flop; The A output serves as the 
CLK input for the B flip-flop; the B output serves as the CLK input for the C flip- 
flop. The waveforms at A, B, and C show that B toggles whenever A goes LOW to 
HIGH (so that A goes HIGH to LOW) and C toggles whenever B goes LOW to 
HIGH. This results in the desired down-counting sequence at the C, B, and A out- 
puts. The state transition diagram shows the sequence. Compare it with the dia- 
gram for the MOD-8 up counter in Figure 5-49, 

Down counters are not as widely used as up counters. Their major applica- 
tion is in situations where it must be known when a desired number of input 
pulses has occurred. In these situations the down counter is preset to the desired 
number and then allowed to count down as the pulses are applied. When the 
counter reaches the zero state it is detected by a logic gate whose output then in- 
dicates that the preset number of pulses has occurred. We shall discuss presettable 
counters in Section 7-8. 


REVIEW QUESTIONS 


1. What is the difference between the counting sequence of an up counter 
and a down counter? 


2. Describe how an asynchronous down-counter circuit differs from an up- 
counter circuit. 
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All J, K inputs 
are HIGH 


A 0 0 0 0 0 
1 1 1 1 

B 0 @) O O O 
1 1 1 1 

C 0 0 0 0 0 


Figure 7-15 MOD-8 down counter. 


{-9 PROPAGATION DELAY IN RIPPLE GOUNTERS 


Ripple counters are the simplest type of binary counters, since they require the 
fewest components to produce a given counting operation. They do, however, 
have one major drawback, which is caused by their basic principle of operation. 
Each FF is triggered by the transition at the output of the preceding FF. Because of 
the inherent propagation delay time (/pa) of each FF, this means that the second FF 
will not respond until a time /,a after the first FF receives an active clock transition; 
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the third FF will not respond until a time equal to 2 X fa after that clock transi- 
tion; and so on. In other words, the propagation delays of the FFs accumulate so 
that the Mh FF cannot change states until a time equal to N X fa after the clock 
transition occurs. This is illustrated in Figure 7-16, where the waveforms for a 3-bit 
ripple counter are shown. 

The first set of waveforms in Figure 7-16(a) shows a situation where an input 
pulse occurs every 1000 ns (the clock period T= 1000 ns) and it is assumed that 
each FF has a propagation delay of 50 ns (44 = 50 ns). Notice that the A flip-flop 


Figure 7-16 Waveforms of 3-bit ripple counter illustrating 
effects of FF propagation delays for different input pulse 
frequencies. 


#1 #2 #3 #4 #5 


Input | | | : | | | | : : 
i | 
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1000 ns || 


Input | | | | | | | | | | | 


= 150 115 = 


The 100 
condition 
does not occur. 
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output toggles 50 ns after the NGT of each input pulse. Similarly, B toggles 50 ns 
after A goes from 1 to 0, and C' toggles 50 ns after B goes from 1 to 0. As a result, 
when the fourth input NGT occurs, the C output goes HIGH after a delay of 150 ns. 
In this situation the counter does operate properly in the sense that the FFs do even- 
tually get to their correct states, representing the binary count. However, the situa- 
tion worsens if the input pulses are applied at a much higher frequency. 

The waveforms in Figure 7-16(b) show what happens if the input pulses 
occur once every 100 ns. Again, each FF output responds 50 ns after the 1-to-0 
transition at its CLK input (note the change in the relative time scale). Of particular 
interest is the situation after the falling edge of the fourth input pulse, where the C 
output does not go HIGH until 150 ns later, which is the same time that the A out- 
put goes HIGH in response to the fifth input pulse. In other words, the condition 

= 1, B= A=0 (count of 100) never appears, because the input frequency is 
too high. This could cause a serious problem if this condition were supposed to 
be used to control some other operation in a digital system. Problems such as this 
can be avoided if the period between input pulses is made longer than the total 
propagation delay of the counter. That is, 


Telock oa dN A lod (7-2) 


where N = number of FFs. Stated in terms of input-clock frequency, the maximum 
frequency that can be used is given by 


1 
Tenax ss (7-3) 
N X ftpa 


For example, suppose a 4-bit ripple counter is constructed using the 74LS112 J-K 
flip-flop. Table 5-2 shows that the 74LS112 has fry = 160 ns and fu, = 24 ns as the 
propagation delays from CZK to Q. To calculate fax, we will assume the “worst 
case”; that is, we will use fa = fru, = 24 ns, so that 


1 
Jonas = 4 X 24 ns 
Clearly, as the number of bits in the counter increases, the total propagation delay 


increases and fmax decreases. For example, a ripple counter that uses six 74LS112 
FFs will have 


= 10.4 MHz 


= 1 _ 
Jeonx — Ps a 6.9 MHz 


Thus, asynchronous counters are not useful at very high frequencies, espe- 
cially for large numbers of bits. Another problem caused by propagation delays in 
asynchronous counters occurs when the counter outputs are decoded. This prob- 
lem is discussed in Section 7-12. Despite these problems, the simplicity of asyn- 
chronous counters makes them useful for applications where their frequency limi- 
tation is not critical. 


REVIEW QUESTIONS 


1. Explain why ¢ a none counter’s. maximum. frequency limitation decreases 
as more FFs are added to the counter. 


2. A certain i. -K flip-flop has foq = 12 ns. What is the largest MOD counter 
that can be constructed from these FFs and still operate up to 10 MHz? 
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1-6 SYNCHRONOUS (PARALLEL) COUNTERS 


The problems encountered with ripple counters are caused by the accumulated FF 
propagation delays; stated another way, the FFs do not all change states simultane- 
ously in synchronism with the input pulses. These limitations can be overcome 
with the use of synchronous or parallel counters in which all the FFs are triggered 
simultaneously Cin parallel) by the clock input pulses. Since the input pulses are 
applied to all the FFs, some means must be used to control when a FF is to toggle 
and when it is to remain unaffected by a clock pulse. This is accomplished by 
using the J and K inputs and is illustrated in Figure 7-17 for a 4-bit, MOD-16 syn- 
chronous counter. 


Figure 7-17 Synchronous MOD-16 counter. Each FF is clocked by the NGT of the input sig- 
nal so that all FFs will be toggling at the same time. 
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If we compare the circuit arrangement for this synchronous counter with its 
asynchronous counterpart in Figure 7-1, we can see the following notable differ- 
ences: 


m The CZK inputs of all the FFs are connected together so that the input clock 
signal is applied to each FF simultaneously. 


gm Only flip-flop A, the LSB, has its Jand K inputs permanently at the HIGH level. 
The J, Kinputs of the other FFs are driven by some combination of FF outputs. 


m The synchronous counter requires more circuitry than does the asynchronous 
counter. 


Circuit Operation — The basic principle of operation of the synchronous 
counter is this: 


The J and K inputs of the FFs are connected so that only those 
FFs that are supposed to toggle on a given NGT will have J = K = 1 
when that NGT occurs. 


Let’s examine this principle for each of the FFs with the help of the counting 
sequence shown in Figure 7-17(b). 

The counting sequence shows that the A flip-flop has to change states at 
each NGT. For this reason its J/and K inputs are permanently HIGH so that it will 
toggle on each NGT of the clock input. 

The counting sequence shows that flip-flop B has to change states on each 
NGT that occurs while A = 1. For example, when the count is 0001, the next NGT 
has to toggle B to the 1 state; when the count is 0011, the next NGT has to toggle 
B to the 0 state; and so on. This operation is accomplished by connecting output A 
to the Jand K inputs of flip-flop B so that /= K= 1 only when A= 1. 

The counting sequence shows that flip-flop C has to change states on each 
NGT that occurs while A = B= 1. For example, when the count is 0011, the next 
NGT has to toggle C to the 1 state; when the count is 0111, the next NGT has to 
toggle C’to the 0 state; and so on. This operation is ensured by connecting the sig- 
nal AB to the Jand K inputs of flip-flop C. 

In a like manner, we can see that flip-flop D has to toggle on each NGT that 
occurs while A = B= C= 1. When the count is 0111, the next NGT has to toggle 
D to the 1 state; when the count is 1111, the next NGT has to toggle D to the 0 
state. This is accomplished by connecting ABC to the J/and K inputs of flip-flop D. 


Advantage of Synchronous Counters over Asynchronous — Ina 
parallel counter all the FFs will change states simultaneously; that is, they are all 
synched to the NGTs of the input clock pulses. Thus, unlike the asynchronous 
counters, the propagation delays of the FFs do not add together to produce the 
overall delay. Instead, the total response time of a synchronous counter like the 
one in Figure 7-17 is the time it takes one FF to toggle plus the time for the new 
logic levels to propagate through a single AND gate to reach the J, K inputs. 
That is, 
total delay = FF tha + AND gate tha 

This total delay is the same no matter how many FFs are in the counter, and it will 
generally be much lower than an asynchronous counter with the same number of 
FFs. As such, a synchronous counter can operate at a much higher input fre- 
quency. Of course, the synchronous counter has more complex circuitry than that 
of the asynchronous counter. 


CHAPTER 7 / COUNTERS AND REGISTERS 


Actual ICS There are many synchronous ICs in both the TTL and CMOS 
logic families. Some of the most commonly used devices are: 


74LS160/162, 74HC160/162: synchronous decade counters 
74LS161/163, 74HC161/163: synchronous MOD-16 counters 


EXAMPLE 7-12 


(a) Determine fnax for the counter of Figure 7-17(a) if fa for each FF is 50 ns and 
toa for each AND gate is 20 ns. Compare this with /max for a MOD-16 ripple 
counter. 

(b) What has to be done to convert this counter to MOD-32? 


(c) Determine fnax for the MOD-32 parallel counter. 


solution 


(a) The total delay that must be allowed between input clock pulses is equal to 
FF fa + AND gate fa. Thus, Tao 250 + 20 = 70 ns, and so the parallel 
counter has 


1 
froax = ——— = 14.3 MHz (parallel counter) 
70 ns 


A MOD-16 ripple counter uses four FFs with fa = 50 ns. Thus, fmax for the 
ripple counter is 
1 


Jinax = 4 X 50 ns 


(b) A fifth FF must be added, since 2? = 32. The CLK input of this FF is also tied 
to the input pulses. Its J and K inputs are fed by the output of a four-input 
AND gate whose inputs are A, B, C, and D. 

(c) fax is still determined as in (a) regardless of the number of FFs in the paral- 
lel counter. Thus, fax is still 14.3 MHz. 


= 5 MHz (ripple counter) 


REVIEW As EEK 


1. What is the advantage of a sy 
counter? What is the disadvan fa 


2. How many logic devices are required for a OD-64 parallel counter? é 


{-{ SYNCHRONOUS DOWN AND UP/DOWN COUNTERS 


In Section 7-4 we saw that a ripple counter could be made to count down by 
using the inverted output of each FF to drive the next FF in the counter. A parallel 
down counter can be constructed in a similar manner—that is, by using the in- 
verted FF outputs to drive the following j, K inputs. For example, the parallel up 
counter of Figure 7-17 can be converted to a down counter by connecting the A, 
B, and C outputs in place of A, B, and C, respectively. The counter will then pro- 
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Count-up 


Input 


Figure 7-18 = Synchronous up/down counter (MOD-8). 


ceed through the following sequence as input pulses are applied: 


(15) (a ee ee | 
(14) Lia 
(13) 1 101 
(12) 1 10 0 
recycle 
(3) 0011 
(2) O 0 0 4 
(1) OO 0 1 
(QO) O00 0 0 


To form a parallel up/down counter (see Figure 7-18) the control inputs (COUNT- 
UP and COUNT-DOWN) are used to control whether the normal FF outputs or the 
inverted FF outputs are fed to the Jand K inputs of the following FFs. The counter 
in Figure 7-18 is a MOD-8 up/down counter that will count from 000 up to 111 
when the COUNT-UP control input is 1 and from 111 down to 000 when the 
COUNT-DOWN control input is 1. 

A logical 1 on the COUNT-UP line while COUNT-DOWN = 0 enables AND 
gates 1 and 2 and disables AND gates 3 and 4. This allows the A and B outputs 
through to the J and K inputs of the following FFs so that the counter will count 
up as pulses are applied. The opposite action takes place when COUNT-UP = 0 
and COUNT-DOWN = 1 (A and B allowed to pass Jand K inputs). 


Actual ICs The 74LS190 and 74HC190 ICs are two of several synchronous 
up/down counter ICs. Each of these is an up/down decade counter. 


EXAMPLE 7-13 


Describe how the circuit of Figure 7-18 will operate when COUNT-UP and 
COUNT-DOWN are both LOW, and when they are both HIGH. 
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Solution 


When both these inputs are LOW, each AND-gate and each OR-gate output will be 
LOW. Thus, the /-K inputs of flip-flops Band C' will be LOW, and neither of these 
FFs can change states. The A flip-flop will still toggle on each input pulse. 

When both inputs are HIGH, each OR-gate output will be HIGH because 
one of the AND outputs feeding each OR gate will be HIGH, depending on the 
state of the corresponding FF. Thus, all three FFs will have /= K = 1 and will tog- 
gle on each input pulse. 


(-8 PRESETTABLE COUNTERS 


Many synchronous (parallel) counters that are available as ICs are designed to be 
presettable; in other words, they can be preset to any desired starting count either 
asynchronously (independent of the clock signal) or synchronously (on the active 
transition of the clock signal). This presetting operation is also referred to as load- 
ing the counter. 

Figure 7-19 shows the logic circuit for a 3-bit presettable parallel up counter. 
The 7, K, and CLK inputs are wired for operation as a parallel up counter. The 
asynchronous PRESET and CLEAR inputs are wired to perform asynchronous pre- 
setting. The counter is loaded with any desired count at any time by doing the fol- 
lowing: 


1. Apply the desired count to the parallel data inputs, P2, Pi, and Po. 
2. Apply a LOW pulse to the PARALLEL LOAD input, PL. 


This procedure will perform an asynchronous transfer of the P2, Pi, and Po 
levels into flip-flops Q2, Qi, and Qo, respectively (Section 5-17). This jam transfer 
occurs independently of the {, K, and CLK inputs. The effect of the CZK input will 
be disabled as long as PL is in its active-LOW state, since each FF will have one of 
its asynchronous inputs activated while PZ = 0. Once PL returns HIGH, the FFs 
can respond to their CZK inputs and can resume the counting-up operation start- 
ing from the count that was loaded into the counter. 

For example, let’s say that P,=1, P, =0, and Bh = 1. While PL is HIGH, 
these parallel data inputs have no effect. If clock pulses are present, the counter 
will perform the normal count-up operation. Now let’s say that PZ is pulsed LOW 
when the counter is at the 010 count (i.e., Q2 = 0, Q1 = 1, and Qo = 0). This LOW 
at PL will produce LOWs at the CLEAR input of Q; and at the PRESET inputs of Q> 
and Qp» so that the counter will go to the 101 count regardless of what is occurring 
at the CLK input. The count will hold at 101 until PZ is deactivated (returned 
HIGH); at that time the counter will resume counting up clock pulses from the 
count of 101. 

This asynchronous presetting is used by several IC counters, such as the TTL 
74190, 74191, 74192, and 74193 and the CMOS equivalents, 74HC190, 74HC191, 
74HC192, and 74HC193. 


Synchronous Presetting — Many IC parallel counters use synchronous pre- 
setting whereby the counter is preset on the active transition of the same clock sig- 
nal that is used for counting. The logic level applied to the PZ input determines 
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whether the active clock transition will preset the counter or whether it will be 
counted as in the normal counting operation. 

Examples of IC counters that use synchronous presetting include the TTL 
74160, 74161, 74162, and 74163 and their CMOS equivalents, 74HC160, 74HC161, 
74HC162, and 74HC163. 


REVIEW QUESTIONS 


1. What is meant when we say that a counter is presettable? 


2. Describe the difference between asynchronous and synchronous preset- 
ting. _ : 


(-9 THE 74193 (LS193/HC193) COUNTER 


Figure 7-20 shows the logic symbol and the input/output description for the 74193 
counter. This counter can be described as a MOD-16, presettable up/down counter 
with synchronous counting, asynchronous preset, and asynchronous master reset. 
Let us look at the function of each input and output. 


Figure 7-20 74193 presettable up/down counter: (a) logic symbol, (b) input/output 
description; (c) mode select table. (Courtesy of Fairchild, a Schlumberger company) 


PL Ps, Po Py: Po Pin names Description 
CPy Count-up clock input 
_ (active rising edge) 
TCy . 
74193 O—> CPp eae pee 
MOD-16 up/down TC peeled eels 
eee O->- MR Asynchronous master reset input 
(active HIGH) 
PL Asynchronous parallel load input 
(active LOW) 
MR Q3 Q, Q, Qo 
m Po-P3 Parallel data inputs 
Q,-O3 Flip-flop outputs 
Mode Select —_ 
TCpy Terminal count-down (borrow) output 
(active LOW) 
H Asynch. reset — 
L L X YX Asynch. preset Ty ete vai (carry) output 
L | HI HI No change active) 
L | H| T | H Count up ib) 
L | H T Count down 
n= RIGH: L= LOW 
X = Don't care; T = PGT 


(Cc) 
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Clock Inputs CPy and CPp The counter will respond to the positive- 
going transitions at one of two clock inputs. CPy is the count-up clock input. 
When pulses are applied to this input, the counter will increment (count up) on 
each PGT to a maximum count of 1111; then it recycles to 0000 and starts over. 
CPp is the count-down clock input. When pulses are applied to this input, the 
counter will decrement (count down) on each PGT to a minimum count of 0000; 
then it recycles to 1111 and starts over. Thus, one clock input or the other will be 
used for counting while the other clock input is inactive (kept HIGH). 


Master Reset (MR) — The master reset is an active-HIGH asynchronous 
input that resets the counter to the 0000 state. MR is a dc reset, and so it will hold 
the counter at 0000 as long as MR = 1. It also overrides a// other inputs. 


Preset Inputs The counter FFs can be preset to the logic levels present on 
the parallel data inputs P; through Py) by momentarily pulsing the parallel load 
input PL from HIGH to LOW. This is an asynchronous preset that overrides the 
counting operation. PZ will have no effect, however, if the MR input is in its active- 
HIGH state. 


Count Outputs The current count is always present at the FF outputs Q3 
through Qo, where Qp is the LSB and Qs is the MSB. 


Terminal Count Outputs The terminal count outputs are used when two 
or more 74193s are connected as a multistage counter to produce a larger MOD 
number. In the count-up mode, the 7Cu output of the lower-order counter is con- 
nected to the CPy input of the next higher-order counter. In the count-down 
mode, the 7C’p output of the lower-order counter is connected to the CP» input of 
the next higher-order counter. 

TCu is the terminal count-up (also called the carry) output. It is generated 
on the 74193 chip using the logic shown in Figure 7-21(a). Clearly, TCy will be 
LOW only when the counter is in the 1111 state and CPy is LOW. Thus, 7Cu will 
remain HIGH as the counter counts up from 0000 to 1110. On the next PGT of 
CPu, the count goes to 1111, but TCy does not go LOW until CPy returns LOW. 
The next PGT at CPy recycles the count to 0000 and also causes TC'y to return 


Figure 7-21 (a) Logic on 74193 for generating TCu (b) logic for gene- 


rating TC. 
CPy CPp 
o; _ OQ, _ 
O——®@ TCy 7 O—* TCh 
Q, OQ, 
Q, Q, 
Qy Qo 
(a) (b) 
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HIGH. This PGT at 7Cu occurs when the counter recycles from 1111 to 0000, and 
can be used to clock a second 74193 up counter to its next higher count. 

TCp is the terminal count-down (also called the borrow) output. It is gener- 
ated as shown in Figure 7-21(b). It is normally HIGH and does not go LOW until 
the counter has counted down to the 0000 state and CPp is LOW. When the next 
PGT at CP» recycles the counter to 1111, it causes TCp to return HIGH. This PGT 
at TCp can be used to clock a second 74193 down counter to its next lower count. 


EXAMPLE 7-14 


Refer to Figure 7-22(a), where a 74193 is wired as an up counter. The parallel data 
inputs are permanently connected as 1011, and the CPy, PL, and MR input wave- 
forms are shown in Figure 7-22(b). Assume that the counter is initially in the 0000 
state, and determine the counter output waveforms. 


Solution 


Initially (at fo) the counter FFs are all LOW. This causes TC to be HIGH. Just prior 
to time ft the PL input is pulsed LOW. This immediately loads the counter with 


Figure 7-22 Example 7-14. 
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1011 to produce Q3 = 1, Q2 = 0, Q: = 1, and Q = 1. At & the CPy input makes a 
PGT, but the counter cannot respond to this because PZ is still active at that time. 
At times hb, &, &%, and # the counter counts up on each PGT at CPu. After the PGT 
at # the counter is in the 1111 state, but TCyu does not go LOW until CPy goes 
LOW at &. When the next PGT occurs at &, the counter recycles to 0000, and TCy 
returns HIGH. 

The counter will count up in response to the PGTs at fg and f. The PGT at 
tio will have no effect, because the MR goes HIGH prior to to and remains active 
at tio. This will reset all FFs to 0 and overrides the C’Py signal. 


EXAMPLE 7-105 


Figure 7-23(a) shows the 74193 wired as a down counter. The parallel data inputs 
are permanently wired as 0111, and the CPp and PL waveforms are shown in 
Figure 7-23(b). Assume that the counter is initially in the 0000 state, and determine 
the output waveforms. 


Figure 7-23. Example 7-15. 
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solution 


At fo all the FF outputs are LOW and CPp is LOW. These are the conditions that 
produce TCp = 0. Prior to 4 the PLZ input is pulsed LOW. This immediately presets 
the counter to 0111 and therefore causes TCp to go HIGH. The PGT of CPp at t 
will have no effect, since PZ is still active. The counter will respond to the PGTs at 
b to tg and counts down to 0000 at fg. TCp does not go LOW until f, when CP» 
goes LOW. At tio the PGT of CPp causes the counter to recycle to 1111 and also 
drives TCp back HIGH. 


Variable MOD Number Using the 74193 _Presettable counters can be 
easily wired for different MOD numbers without the need for additional logic cir- 
cuitry. We will demonstrate this for the 74193 using the circuit of Figure 7-24(a). 
Here, the 74193 is used as a down counter with its parallel load inputs perma- 
nently connected at 0101 (Si). Note that the TCp output is connected back to the 
PL input. 

We will begin our analysis by assuming that the counter has been counting 
down and is in the 0101 state at time f&. Refer to Figure 7-24(b) for the counter 
waveforms. 

The counter will decrement (count down) on the PGTs of CPp at times h to 
fs. At & the counter is in the 0000 state. When CPp goes LOW at &, it drives (Cs 
LOW. This immediately activates the PZ input and presets the counter back to the 
0101 state. Note that 7Cp stays LOW for only a short interval because once the 
counter outputs go to 0101 in response to PL = 0, the condition needed to keep 
TCp = 0 is removed. Thus, there is only a narrow glitch at TCp. 

This same sequence is repeated at times 4 to #2 and at equal intervals there- 
after. If we examine the Q2 waveform, we can see that it goes through one com- 
plete cycle for every five cycles of CPp. For example, there are five clock cycles 
between the PGT of Q2 at é and the PGT of Q2 at fi. Thus, the frequency of the 
QO» waveform is one-fifth of the clock frequency. 

It is no coincidence that the frequency-division ratio (5) is the same as the 
number applied to the parallel data inputs (0101 = 5). In fact, we can vary the fre- 
quency division by changing the logic levels applied to the parallel data inputs. 

A variable frequency-divider circuit can be easily implemented by con- 
necting switches to the parallel data inputs of the circuit in Figure 7-24. The 
switches can be set to a value equal to the desired frequency-division ratio. 


Multistage Arrangement As stated earlier, the TCp and TCy outputs are 
used when two or more 74193 counters are connected in a multistage arrange- 
ment. Figure 7-25 shows a two-stage up-counter arrangement which effectively in- 
creases the maximum counting range from 0-15 to 0-255. The parallel data in- 
puts and parallel load inputs are used as if this were an 8-bit presettable up 
counter. The same idea can be used to form a two-stage down counter with a 
maximum counting range of 255-30. For down-counter operation, the 7Cp output 
of the low-order stage is connected to CP» of the high-order stage (TCy and CP 
are not used). Multistage operation can be extended to more than two stages to in- 
crease the maximum counting range (.e., the MOD number). 
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REVIEW QUESTIONS 


1. Describe the function of the inputs PL and Py to P3. 
2. Describe the function of the MR input. 
3. True or false: The 74193 cannot be preset while MR is active. 


4, What logic levels must be present at CPp, PL, and MR in order for the 
74193 to count pulses that appear at CPy? 


5. What would be the maximum counting range for a four-stage counter 
made up of 74193 ICs 


(-10. MORE ON THE IEEE/ANSI DEPENDENGY 
NOTATION * 


We can learn more about the dependency notation that is such an important part 
of the new IEEE/ANSI symbology by examining the IEEE/ANSI symbol for the 
74193 IC shown in Figure 7-26. Each type of IC that we examine in this way will 
add to your understanding of the new symbology and will help to prepare you for 
the more extensive use of these symbols in the future. 

Once again, it should be stated that only the labels inside the rectangular 
outlines are specified by the IEEE/ANSI standard. The names or labels shown out- 
side the outlines are not standard, and in fact will vary from one IC manufacturer 
to another. 

Some of the notation used in Figure 7-26 should be familiar. The symbol out- 
line is divided into the common-control block that affects all of the counter FFs, 
and the four narrow rectangles representing the individual FFs. The bracketed 
number inside each FF rectangle denotes its relative weight in the counter. The 
label CTR DIV16 signifies that this device, when operated normally, is a counter 
(CTR) with 16 states G.e., a divide-by-16 counter). The MR input to the common- 


Figure 7-26 JEEE/ANSI symbol for the 74193 IC. 


Common-control 
~~ block 


CTR DIV16 


MR 
CPy er 
CP _ 
" ten 
PL 
Po Qo 
P, Q, 
P> Q, 
Ps Q3 


*This section may be skipped without loss of continuity. 
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control block has the notation CT = O to indicate that the counter will reset to 
zero when MR is HIGH. 


Control Dependency (C) The letter C in the label for an input denotes 
that that input controls the entry of data into a storage element (i.e., a FF). Usually, 
C is used for clock inputs that clock data into a FF on its active transition. We 
saw this when we looked at the IEEE/ANSI symbols for FFs in Chapter 5. In Fig- 
ure 7-26, C is used for the parallel load input PZ, since this input controls the 
entry of data into the four counter FFs. Specifically, the label C3 indicates that this 
input will control any other input that has the digit 3 as a prefix in its label. In this 
case that includes inputs Po, Pi, P2, and P3, since they all have the label 3D Cit is 
shown only on the top FF block, but it is assumed to be the same for the other FF 
blocks). The “D” part of the label denotes “data.” 

What this all means is that when PL is in its active-LOW state, data from 
Po through P3 will be entered into flip-flops Qo to Q3. Since there is no edge- 
triggered symbol at PL, it is understood that PL is in effect as long as it stays 
at its active-LOW level. 


Counting Direction (+ or —) — The C®& and CP» inputs are shown in 
Figure 7-26 as having two separate labels because they have several distinct inter- 
nal effects. Let’s first consider the upper label. This label for the CPy input is 2+. 
The plus sign (+) indicates that a PGT at this input will increment the count by 1, 
in other words, cause the counter to count up. Likewise, the upper label for the 
CPp input has a minus sign (—) to show that this input will decrement the count 
by 1, in other words, cause it to count down. The significance of the digits in front 
of the plus and minus signs will be explained in the following paragraphs. 


AND Dependency (G) The letter G in the label for an input denotes AND 
dependency. This means that an input designated by a G followed by a digit is in- 
ternally ANDed with any other input or output that has the same digit as a prefix 
in its label. In Figure 7-26 we see that the lower label for the CPy input is G1. This 
means that CPy is internally ANDed with any input or output that has a 1 in its 
label. The upper label for CPp is 1—, and so there must be an AND dependency 
between CPp and CPu. Specifically, this AND dependency tells us that CP must 
be HIGH in order for CPp to perform its count-down function. 

The lower label for CPp is G2, which indicates that there is an AND depen- 
dency between CPp and any input or output that has a 2 in its label. For example, 
the upper label for CPy is 2+, which tells us that CPp must be HIGH in order for 
CPy to perform its count-up function. 

Now let’s look at the TCp output label. It is 2C7= 0. It includes a 2 in its 
label, indicating that it has an AND dependency with CPp. Actually, since it is a 2, 
the AND dependency is with CPp. Thus, the label for TCp tells us that 7Cp will go 
to its active-LOW state when CPp is LOW and the count is zero (CT = 0). In a like 
manner, the label for TCvu tells us that TCu will go to its active-LOW state when 
CPy is LOW and the count is fifteen (CT = 15). 
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REVIEW QUESTIONS 


1. Explain the meaning of control dependency and AND dependency. 


2. Give the meaning of the following input labels: (a) +, (b) G4, (c) G5, 
(d) 5D. : 


{-11 DECODING A COUNTER 


Digital counters are often used in applications where the count represented by the 
states of the FFs must somehow be determined or displayed. One of the simplest 
means for displaying the contents of a counter involves just connecting the output 
of each FF to a small indicator LED. In this way the states of the FFs are visibly 
represented by the LEDs (bright = 1, dark = 0) and the count can be mentally de- 
termined by decoding the binary states of the LEDs. For instance, suppose that this 
method is used for a BCD counter and the states of the LEDs are 
dark—bright-bright—dark, respectively. This would represent 0110, which we would 
mentally decode as decimal 6. Other combinations of LED states would represent 
the other possible counts. 

The indicator LED method becomes inconvenient as the size (number of bits) 
of the counter increases, because it is much harder to mentally decode the dis- 
played results. For this reason it would be preferable to develop a means for elec- 
tronically decoding the contents of a counter and displaying the results in a form 
that would be immediately recognizable and would require no mental operations. 

An even more important reason for electronic decoding of a counter occurs 
because of the many applications in which counters are used to control the timing 
or sequencing of operations automatically without human intervention. For exam- 
ple, a certain system operation might have to be initiated when a counter reaches 
the 101100 state (count of 4410). A logic circuit can be used to decode for or detect 
when this particular count is present and then initiate the operation. Many opera- 
tions may have to be controlled in this manner in a digital system. Clearly, human 
intervention in this process would be undesirable except in extremely slow sys- 
tems. 


Active-HIGH Decoding =A MOD-X counter has X different states; each 
state is a particular pattern of Os and 1s stored in the counter FFs. A decoding net- 
work is a logic circuit that generates X different outputs, each of which detects 
(decodes) the presence of one particular state of the counter. The decoder outputs 
can be designed to produce either a HIGH or a LOW level when the detection oc- 
curs. An active-HIGH decoder produces HIGH outputs to indicate detection. Fig- 
ure 7-27 shows the complete active-HIGH decoding logic for a MOD-8 counter. 
The decoder consists of eight 3-input AND gates. Each AND gate produces a 
HIGH output for one particular state of the counter. 

For example, AND gate 0 has as its inputs the FF outputs C, B, and A. Thus 
its output will be LOW at all times except when A= B= C'= 0—that is, on the 
count of 000 (zero). Similarly, AND gate 5 has as its inputs the FF outputs C) B, 
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Figure 7-27 Using AND gates to decode a MOD-8 counter. 
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and A, so that its output will go HIGH only when C= 1, B=0, and A = 1—that 
is, on the count of 101 (decimal 5). The rest of the AND gates perform in the same 
manner for the other possible counts. At any one time only one AND-gate output 
is HIGH, the one which is decoding for the particular count that is present in the 
counter. The waveforms in Figure 7-27 show this clearly. 

The eight AND outputs can be used to control eight separate indicator LEDs, 
which represent the decimal numbers 0 through 7. Only one LED will be on at a 
given time, indicating the proper count. 

The AND gate decoder can be extended to counters with any number of 
states. The following example illustrates. 
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EXAMPLE 7-16 


How many AND gates are required to completely decode all the states of a 
MOD-32 binary counter? What are the inputs to the gate that decodes for the 
count of 21? 


Solution 

A MOD-32 counter has 32 possible states. One AND gate is needed to decode for 
each state; therefore, the decoder requires 32 AND gates. Since 32 = 2°, the 
counter contains five FFs. Thus, each gate will have five inputs, one from each FF. 


To decode for the count of 21 (that is, 101012) requires AND-gate inputs of E, D, 
C, B, and A, where F is the MSB flip-flop. 


Active-LOW Decoding __ If NAND gates are used in place of AND gates, the 
decoder outputs will produce a normally HIGH signal, which goes LOW only 
when the number being decoded occurs. Both types of decoders are used, de- 
pending on the type of circuits being driven by the decoder outputs. 


HXAMPLE 7-17 


Figure 7-28 shows a common situation in which a counter is used to help generate 
a control waveform which could be applied to devices such as a motor, solenoid 
valve, or heater. The MOD-16 counter cycles and recycles through its counting se- 
quence. Each time it goes to the count of 8 (1000), the upper NAND gate will pro- 
duce a LOW output, which sets flip-flop X to the 1 state. Flip-flop X stays HIGH 
until the counter reaches the count of 14 (1110), at which time the lower NAND 
gate decodes it and produces a LOW output to clear X to the 0 state. Thus, the X 
output is HIGH between the counts of 8 and 14 for each cycle of the counter. 


Figure 7-28 Example 7-17. 
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Figure 7-29 BCD counters usu- 
“— pce ally have their count displayed on 
a single display device. 


BCD Counter Decoding A BCD counter has 10 states, which can be de- 
coded using the techniques described previously. BCD decoders provide 10 out- 
puts corresponding to the decimal digits 0 through 9 represented by the states of 
the counter FFs. These 10 outputs can be used to control 10 indicator LEDs for a 
visual display. More often, instead of using 10 separate LEDs, a single display de- 
vice is used to display the decimal numbers 0 through 9. One such device, called a 
nixie tube, contains 10 very thin numerically shaped filaments stacked on top of 
each other. The BCD decoder outputs control which filament is illuminated. A 
newer class of decimal displays contains seven small segments made of a material 
(usually LEDs or liquid crystal displays) which either emits light or reflects ambient 
light. The BCD decoder outputs control which segments are illuminated in order 
to produce a pattern representing one of the decimal digits. 

We will go into more detail concerning these types of decoders and displays 
in Chapter 9. However, since BCD counters and their associated decoders and dis- 
plays are very commonplace, we will use the decoder/display unit (see Figure 
7-29) to represent the complete circuitry used to visually display the contents of 
a BCD counter as a decimal digit. 


REVIEW QUESTION 


1. Describe the decoding gate needed to » produce a 10 outpu t when a : : : 


MOD-64 counter is at the count 2 23. 


(-12 DECODING GLITCHES 


In Section 7-5 we discussed the effects of FF propagation delays in ripple counters. 
As we saw then, the accumulated propagation delays serve to essentially limit the 
frequency response of ripple counters. The delays between FF transitions can also 
cause problems when decoding a ripple counter. The problem occurs in the form 
of glitches or spikes at the outputs of some of the decoding gates. This is illus- 
trated in Figure 7-30 for a MOD-4 ripple counter. 

The waveforms at the outputs of each FF and decoding gate are shown in 
the figure. Notice the propagation delay between the clock waveform and the A 
output waveform and between the A waveform and the B waveform. The glitches 
in the Xo and X2 decoding waveforms are caused by the delay between the A and 
B waveforms. Xo is the output of the AND gate decoding for the normal 00 count. 
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Figure 7-30 FF and decoding waveforms for a MOD-4 ripple 
counter showing glitches at Xo and X2 outputs. 


The 00 condition also occurs momentarily as the counter goes from the 01 to the 
10 count, as shown by the waveforms. This is because B cannot change states 
until A goes LOW. This momentary 00 state lasts only for several nanoseconds (de- 
pending on fa of flip-flop B) but can be detected by the decoding gate if the 
gate’s response is fast enough. Hence, the spike at the Xo output. 

A similar situation produces a glitch at the X2 output. X2 is decoding for the 
10 condition, and this condition occurs momentarily as the counter goes from 11 
to 00 in response to the fourth clock pulse, as shown in the waveforms. Again, this 
is due to the delay of flip-flop B’s response after A has gone LOW. 
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Although the situation is illustrated for a MOD-4 counter, the same type of 
situation can occur for any ripple counter. This is because ripple counters work on 
the “chain-reaction” principle, whereby each FF triggers the next one and so on. 
The spikes at the decoder outputs may or may not present a problem, depending 
on how the counter is being used. When the counter is being used only to count 
pulses and display the results, the decoding spikes are of no consequence because 
they are very short in duration and will not even show up on the display. How- 
ever, when the counter is used to control other logic circuits, such as was done in 
Figure 7-28, the spikes can cause improper operation. For example, in Figure 7-28, 
a spike at the output of either decoding NAND gate would cause flip-flop X to be 
set or cleared at the wrong time. 

We can predict where in the asynchronous counter’s sequence a temporary 
state will occur by stepping through a counter state transition one FF at a time. For 
example, let’s look at the actual step-by-step process by which a ripple counter 
goes from 011 (3) to 100 (4): 


GC 
0 
temporary 6 2 c< FF A toggles first 
states < and causes B to toggle 
< which causes C’'to toggle 


Note the occurrence of two temporary states, 010 and 000. 

In situations where the decoding spikes cannot be tolerated, there are two 
basic solutions to the problem. The first possibility is to use a parallel counter in- 
stead of a ripple counter. Recall that in a parallel counter the FFs are all triggered 
at the same time by the clock pulses so that it appears that the conditions which 
produced the decoder spikes cannot occur. However, even in a parallel counter 
the spikes may occur because the FFs will not all necessarily have the same fpa, es- 
pecially when some FFs may be loaded more heavily than others. 


Strobing A more reliable method for eliminating the decoder spikes is to 
use a technique called strobing. This technique uses a signal called a strobe signal 
to keep the decoding AND gates disabled (outputs at 0) until all the FFs have 
reached a stable state in response to the negative clock transition. This is illus- 
trated in Figure 7-31, where the strobe signal is connected as an input to each de- 
coding gate. The accompanying waveforms show that the strobe signal goes LOW 
when the clock pulse goes HIGH. During the time that the strobe is LOW, the de- 
coding gates are kept LOW. The strobe signal goes HIGH to enable the decoding 
gates some time fp after the clock pulse goes LOW. fp is chosen to be greater than 
the total time it takes the counter to reach a stable count and depends, of course, 
on the FF delays and the number of FFs in the counter. In this way the decoding 
gate outputs will not contain any spikes, because they are disabled during the time 
the FFs are in transition. 

The strobe method is not used if a counter is used only for display purposes, 
since the decoding spikes are too narrow to affect the display. The strobe signal is 
used when the counter is used in control applications like that of Figure 7-28, 
where the spikes could cause erroneous operation. 
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Figure 7-31 Use of strobe signal to eliminate decoding spikes. 


REVIEW QUESTIONS 


1. Explain why the decoding gates for an asynchronous counter may have 
glitches on their outputs. 


2. How does strobing eliminate decoding glitches? 


{-13 CASCADING BCD COUNTERS 


BCD counters are often used whenever pulses are to be counted and the results 
displayed in decimal. A single BCD counter counts from 0 through 9 and then re- 
cycles to 0. To count to larger decimal values, we can cascade BCD counter 
stages as shown in Figure 7-32. This multistage arrangement operates as follows: 


1. Initially, all counters are cleared to the zero state. Thus, the decimal display 
is OOO. 


Figure 7-32 Cascading BCD counters to count and display numbers from 000 to 999. 
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2. As input pulses arrive, the units BCD counter advances one count per pulse. 
After nine pulses have occurred, the hundreds and tens BCD counters are 
still at zero and the units counter is at 9 (binary 1001). Thus, the decimal dis- 
play reads 009. 


3. On the tenth input pulse the units counter recycles to zero, causing its flip- 
flop D output to go from 1 to 0. This 1-to-0 transition acts as the clock input 
for the tens counter and causes it to advance one count. Thus, after 10 input 
pulses, the decimal readout is 010. 


4. As additional pulses occur, the units counter advances one count per pulse, 
and each time the units counter recycles to zero, it advances the tens counter 
one count. Thus, after 99 input pulses have occurred, the tens counter is at 9, 
as is the units counter. The decimal readout is thus 099. 


5. On the hundredth input pulse, the units counter recycles to zero, which in 
turn causes the tens counter to recycle to zero. The flip-flop D output of the 
tens counter thus makes a 1-to-0 transition which acts as the clock input for 
the hundreds counter and causes it to advance one count. Thus, after 100 
pulses the decimal readout is 100. 


6. This process continues up until 999 pulses. On the 1000th pulse, all the 
counters recycle back to zero. 


It should be obvious that this arrangement can be expanded to any desired 
number of decimal digits simply by adding on more stages. For example, to count 
up to 999,999 will require six BCD counters and associated decoders and displays. 
In general, then, we need one BCD counter per decimal digit. 

Incidentally, the BCD counters used in Figure 7-32 could be 74293s wired as 
MOD-10 counters, or they could be IC counters such as the 7490 or 74192 that are 
internally wired as BCD counters. 


(-14 SYNCHRONOUS COUNTER DESIGN* 


Many different counter arrangements are available as ICs—asynchronous, synchro- 
nous, and combined asynchronous/synchronous. Most of these count in a normal 
binary sequence although their counting sequences can be somewhat altered 
using the methods we demonstrated for the 74293 and 74193 ICs. There are situa- 
tions, however, where a counter is required that follows a sequence that is not 
counting binary; for example 000, 010, 101, 001, 110, 000, ... 

Several methods exist for designing counters that follow arbitrary sequences. 
We will present the details for one common method that uses J-K flip-flops in a 
synchronous counter configuration. The same method can be used in designs with 
D flip-flops. The technique is one of several design procedures that are part of an 
area of digital circuit design called sequential circuit design which is normally 
part of an advanced course. 


Basic Idea In synchronous counters all of the FFs are clocked at the same 
time. Before each clock pulse, the J and K input of each FF in the counter must be 
at the correct level to ensure that each FF goes to the correct state. For example, 
consider the situation shown in Table 7-1. When the next clock pulse occurs, the 


*This topic may be omitted without affecting the continuity of the remainder of the book. 
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Table 7-1 


Present State Next State 
C BA Css iA 
1 QO 4 QO 1t J 


J and K inputs of the FFs must be at the correct levels that will cause flip-flop C to 
change from 1 to 0, flip-flop B from 0 to 1, and flip-flop A from 1 to 1 Ge., no 
change). 

The process of designing a synchronous counter, then, becomes one of de- 
signing the logic circuits that decode the various states of the counter to supply the 
logic levels to each J and K input. The inputs to these decoder circuits will come 
from the outputs of one or more of the FFs. To illustrate, for the synchronous 
counter of Figure 7-17, the AND gate that feeds the / and K inputs of flip-flop C 
decodes the states of flip-flops A and B. Likewise, the AND gate that feeds the / 
and K inputs of flip-flop D decodes the states of A, B, and C. 


J-K Excitation Table — Before we begin the process of designing the de- 
coder circuits for each J/and K input, we must first review the operation of the J-K 
flip-flop using a different approach called an excitation table, (Table 7-2). The left- 
most column of this table lists each possible FF output transition. The second and 
third columns list the FF’s present state, symbolized as QUV), and next state, sym- 
bolized as OUN+ 1), for each transition. The last two columns list the /and K levels 
required to produce each transition. Let’s examine each case. 


0O—>0 TRANSITION The FF present state is at 0 and is to remain at 0 
when a clock pulse is applied. From our understanding of how a J-K flip-flop 
works, this can happen when either /= K = 0 (no-change condition) or when J = 
QO and K = 1 (clear condition). Thus, / has to be at 0, but K can be at either level. 
The table indicates this with a “O” under / and an “x” under K. Recall that “x” 
means “don’t care” condition. 


0 > 1 TRANSITION The present state is 0 and is to change to a 1. This 
can happen when either /= 1 and K = 0 (set condition) or J/= K = 1 (toggle con- 
dition). Thus, / has to be a 1, but K can be at either level for this transition to 
occur. 


1 — 0 TRANSITION The present state is 1 and is to change to a 0. This 
can happen when either /= 0 and K= 1 or J/= K=1. Thus, K has to be a 1 but J 
can be at either level. 


Table 7-2 J-K Flip-Flop Excitation Table 


Transition PRESENT State NEXT State 

at Output QW) Qw + 1) J K 
0-0 0 0 0 x 
O—- 1 0 1 1 Xx 
1-0 1 O x I 
1-1 1 1 - 0) 
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1 — 1 TRANSITION The present state is a 1 and is to remain a 1. This 
can happen when either /= K = 0 or /= 1 and K= 0. Thus, K must be a 0 while / 
can be at either level. 


The use of this excitation table (Table 7-2) is a principal part of the synchro- 
nous counter design procedure. 


Design Procedure — We will now go through a complete synchronous 
counter design procedure. Although we will do it for a specific counting sequence, 
the same steps can be followed for any desired sequence. 


Step 1: Determine the desired number of bits (FFs) and the desired counting 
sequence. _ 


For our example, we will design a 3-bit counter that goes through the sequence 
shown in Table 7-3. Notice that this sequence does not include the 101, 110, and 
111 states. We will refer to these states as undesired states. 


Step 2: Draw the state transition diagram showing all possible states, in- 
cluding those that are not part of the desired counting sequence. 


For our example, the state transition diagram appears as shown in Figure 7-33. 
The 000 through 100 states are connected in the expected sequence. The new idea 
used in this diagram is the inclusion of the undesired states. They have to be in- 
cluded in our design in case the counter accidentally gets into one of these states 
upon power-up or due to noise. The circuit designer can choose to have each of 
these undesired states go to any state upon the application of the next clock pulse. 
We choose to have them all go to the 000 state from where the correct sequence 
will be generated. 


Step 3: Use the state transition diagram to set up a table that lists all PRE- 
SENT states and their NEX] states. 


For our example, the information is shown in Table 7-4. The left-hand portion of 
the table lists every possible state, even those that are not part of the sequence. We 
label these as the PRESENT states. The right-hand portion lists the NEXT state for 
each PRESENT state. These are obtained from the state transition diagram in Figure 


Table 7-3 Table 7-4 
Cc BA PRESENT State NEXT State 
O 0 0 C & A ©. 8...A 
Oo oO 1 
a 0 line 1 0. 0 0 O oOo 1 
Gd ; 2 0 0 LL. Oo 1-0 
+ 6 5 5 oO 1 Oo 0 1 | 
S66 4 Oo i 1 7 0 8 
os 5 1 0 0 O 0g oOo 
6 1 oOo 1 0 0 O 
7 1 1 io O 0 O 
8 141i 0° 0 0 
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(or (or | Figure 7-33 State transition diagram for 


synchronous counter design example. 


7-33. For instance, line 1 shows that the PRESENT state of 000 has the NEXT state 
of 001, and line 5 shows the PRESENT state of 100 has the NEXT state of 000. 
Lines 6, 7, and 8 show that the undesired PRESENT states 101, 110, and 111 all 
have the NEXT state of 000. 


Step 4: Add a column to this table for each Zz and K ‘input. For each PRE- 
SENT state, indicate th i a K input in order. to 


produce the transition | to the NEXT st <a 


Our design example uses three FFs—C; B, and pany eh one has a 7 aad a K 
input. Therefore we have to add six new columns as shown in Table 7-5. This 
completed table is called the circuit excitation table. The six new columns are 
the J and K inputs of each FF. The entries under each / and K are obtained by 
using Table 7-2, the J-K flip-flop excitation table that we developed earlier. We will 
demonstrate this for several of the cases, and you can verify the rest. 

Let’s look at line 1 in Table 7-5. The PRESENT state of 000 is to go to the 
NEXT state of 001 on the occurrence of a clock pulse. For this state transition, the 
C flip-flop goes from 0 to 0. From the J-K excitation table, we see that /- must be 
at 0 and Ke at “x” for this transition to occur. The B flip-flop also goes from 0 to 0, 


Table 7-5 = Circuit Excitation Table 


PRESENT State NEXT State 


Cc 6 A C BA Jc Ke Js Ke Ja Ka 
line 1 0 UU Go oO 1 0 a 0 xe 1 x 
2 ee eee | fc 18 0 2 1 < x 1 
) O —f oO .1 1 0 5 x O 1 x 
4 Ovo ~] ee 1 x x i x 1 
5 1. O° 0 0.50.0 a 0 x 0 x 
6 0. 1 Oca ie x 1 O x x | 
7 , 1 O00. 0 S 1 x 1 0 x 
8 1. lead 4 ieee | aes x 1 x 1 x I 
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and so J/g = 0 and Kg = x. The A flip-flop goes from 0 to 1. Also from Table 7-2, 
we see that /4 = 1 and Ky = x for this transition. 

In line 4 in Table 7-5, the PRESENT state of 011 has a NEXT state of 100. For 
this state transition, flip-flop C goes from 0 to 1, which requires Je = 1 and Kc = x. 
Flip-flops B and A are both going from 1 to 0. The J-K excitation table indicates 
that these two FFs need /= x and K = 1 for this to occur. 

The required Jand K levels for all other lines in Table 7-5 can be determined 
in the same manner. 


Step 5: Design the logic circuils to generate the levels required at each J 
and K input. , 


Table 7-5, the circuit excitation table, lists six J, K inputs—/Jc, Ke, Js, Ke, Js, and Ka. 
We have to consider each of these as an output from its own logic circuit with in- 
puts from flip-flops C, B, and A. Then we have to design the circuit for each one. 
Let’s design the circuit for J. 

To do this we need to look at the PRESENT states of C, B, and A and the de- 
sired levels at /4 for each case. This information has been extracted from Table 7-5 
and presented in Figure 7-34(a). This truth table shows the levels required at J4 for 
each PRESENT state. Of course, for some of the cases J, is a “don’t care.” To de- 
velop the logic circuit for /4, we must first determine its expression in terms of C, 
B, and A. We will do this by transferring the truth table information to a three-vari- 
able Karnaugh map and performing the K-map simplification as in Figure 7-34(b). 

There are only two 1s in this K map, and they can be looped to obtain the 
term AC, but if we use the don’t care conditions at ABC and ABC as 1s we can 
loop a quad to obtain the simpler term C. Thus, the final expression is 

Ja=C 

Now let’s consider Ky. We can follow the same steps as we did for Jy. How- 
ever, a look at the entries under Ky, in the circuit excitation table shows only 1s 
and don’t cares. If we change all the don’t cares to Is, then Ky is always a 1. Thus, 
the final expression is 


Ka =] 
In a similar manner, we can derive the expressions for Jc, Ke, Jz, and Kz. The 
K maps for these expressions are given in Figure 7-35. You might want to confirm 
their correctness by checking them against the circuit excitation table. 


Step 6: Implement the final expressions. 


Figure 7-34 (a) Portion of 
circuit excitation table showing J, 
tor Gach PRESENT state: 

(b) K map used to obtain simpli- 
fied expression for J. 
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Figure 7-35 (a) K mappings for the Jc 
and Kc logic circuits; (b) K mappings for 
(b) the J/g and Kz logic circuits. 


The decoding circuits for each J and K input are implemented from the expres- 
sions obtained from the K mapping. The complete synchronous counter design is 
implemented in Figure 7-36. Note that all FFs are clocked in parallel. You might 
want to verify that the logic for each J and K input is correct. 


Figure 7-36 Final implementation of synchronous counter design example. 


CLOCK 
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Final Comments — We have seen the complete design procedure for a syn- 
chronous counter using J-K flip-flops. This same procedure can be used for coun- 
ters of any number of bits and any arbitrary sequence. The only restriction on the 
sequence is that it cannot contain the same state more than once within one com- 
plete cycle before repeating. For example, the sequence 000, 001, 011, 001, 100 
will not work because the 001 state appears more than once in the sequence. This 
should make sense, since our design method cannot handle a PRESENT state of 
001 that has two different NEXT states. 


REVIEW QUESTIONS 


1. List the six steps in the procedure for designing a synchronous counter. 
2. What information is contained in a J-K excitation table? 
3. What information is contained in the circuit excitation table? 


4. True or false: The synchronous counter design procedure can be used for 
the following sequence: 0010, 0011, Q100, 0111, 1010, 1110, 1111, and re- 
peat. 


(-1)  SHIFTREGISTER COUNTERS 


In Section 5-18 we saw how to connect FFs in a shift register arrangement to trans- 
fer data left to right, or vice versa, one bit at a time (serially). Shift-register coun- 
ters use feedback, which means that the output of the last FF in the register is con- 
nected back to the first FF in some way. 


Ring Counter The simplest shift-register counter is essentially a circulating 
shift register connected so that the last FF shifts its value into the first FF. This 
arrangement is shown in Figure 7-37 using D-type FFs (J-K flip-flops can also be 
used). The FFs are connected so that information shifts from left to right and back 
around from Qp to Q3. In most instances only a single 1 is in the register and it is 
made to circulate around the register as long as clock pulses are applied. For this 
reason it is called a ring counter. 

The waveforms, sequence table, and state diagram in Figure 7-37 show the 
various states of the FFs as pulses are applied, assuming a starting state of Q3 = 1 
and QO2 = Qi = Q = 0. After the first pulse, the 1 has shifted from Q3 to Q2 so that 
the counter is in the 0100 state. The second pulse produces the 0010 state, and the 
third pulse produces the 0001 state. On the fourth clock pulse the 1 from Qp is 
transferred to Q3, resulting in the 1000 state, which is, of course, the initial state. 
Subsequent pulses cause the sequence to repeat. 

This counter functions as a MOD-4 counter, since it has four distinct states 
before the sequence repeats. Although this circuit does not progress through the 
normal binary counting sequence, it is still a counter because each count corre- 
sponds to a unique set of FF states. Note that each FF output waveform has a fre- 
quency equal to one-fourth of the clock frequency, since this is a MOD-4 ring 
counter. 
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(c) 


(d) 


Figure 7-37 (a) Four-bit ring counter; (b) waveforms; (c) sequence table; 


(d) state diagram. 


Ring counters can be constructed for any desired MOD number; a MOD-N 
ring counter uses N flip-flops connected in the arrangement of Figure 7-37. In gen- 
eral, a ring counter will require more FFs than a binary counter for the same MOD 
number; for example, a MOD-8 ring counter requires eight FFs, while a MOD-8 bi- 
nary counter requires only three. 

Despite the fact that it is less efficient in the use of FFs, a ring counter is still 
useful because it can be decoded without the use of decoding gates. The decoding 
signal for each state is obtained at the output of its corresponding FF. Compare the 
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FF waveforms of the ring counter with the decoding waveforms in Figure 7-27. In 
some cases a ring counter might be a better choice than a binary counter with its 
associated decoding gates. This is especially true in applications where the counter 
is being used to control the sequencing of operations in a system. 


Starting a Ring Counter To operate properly, a ring counter must start 
off with only one FF in the 1 state and all the others in the 0 state. Since the start- 
ing states of the FFs will be unpredictable on power-up, the counter must be pre- 
set to the required starting state before clock pulses are applied. One way to do 
this is to apply a momentary pulse to the asynchronous PRESET input of one of 
the FFs (e.g., Q3 Figure 7-37) and to the CLEAR input of all other FFs. Some other 
methods are examined in Problem 7-37. 


Johnson Counter The basic ring counter can be modified slightly to pro- 
duce another type of shift-register counter, which will have somewhat different 
properties. The Johnson or twisted-ring counter is constructed exactly like a nor- 
mal ring counter except that the inverted output of the last FF is connected to the 
input of the first FF. A 3-bit Johnson counter is shown in Figure 7-38. Note that the 
Qo output is connected back to the D input of Q2. This means that the inverse of 
the level stored in Q» will be transferred to Q3 on the clock pulse. 

The Johnson-counter operation is easy to analyze if we realize that on each 
positive clock-pulse transition the level at Q2 shifts into Q:, the level at Q, shifts 
into Qo, and the inverse of the level at Qo shifts into Q2. Using these ideas and as- 
suming that all FFs are initially 0, the waveforms, sequence table, and state dia- 
gram of Figure 7-38 can be generated. 

Examination of the waveforms and sequence table reveals the following im- 
portant points: 


1. This counter has six distinct states: 000, 100, 110, 111, 011, and 001 before it 
repeats the sequence. Thus, it is a MOD-6 Johnson counter. Note that it does 
not count in a normal binary sequence. 


2. The waveform of each FF is a square wave (50 percent duty cycle) at one- 
sixth the frequency of the clock. In addition, the FF waveforms are shifted by 
one clock period with respect to each other. 


The MOD number of a Johnson counter will always be equal to twice the 
number of FFs. For example, if we connect five FFs in the arrangement of Figure 
7-38, the result is a MOD-10 Johnson counter, where each FF output waveform is a 
square wave at one-tenth the clock frequency. Thus it is possible to construct 
a MOD-N counter (where N is an even number) by connecting N/2 flip-flops in a 
Johnson-counter arrangement. 


Decoding a Johnson Counter — For a given MOD number, a Johnson 
counter requires only half the number of FFs that a ring counter requires. How- 
ever, a Johnson counter requires decoding gates, whereas a ring counter does not. 
As in the binary counter, the Johnson counter uses one logic gate to decode for 
each count, but each gate requires only two inputs, regardless of the number of 
FFs in the counter. Figure 7-39 shows the decoding gates for the six states of the 
Johnson counter of Figure 7-38. 


CHAPTER 7 / COUNTERS AND REGISTERS 


CLOCK 


CON oOWOoRWDN = 


0 
0 
1 
] 
1 
0 
0 
0 
1 


Figure 7-38 (a) MOD-6 Johnson counter; (b) waveform; (c) sequence 
table; (d) state diagram. 


(c) 
(d) 


Notice that each decoding gate has only two inputs, even though there are 
three FFs in the counter. This is because for each count, two of the three FFs are 
in a unique combination of states. For example, the combination Q2 = Qo = 0 oc- 
curs only once in the counting sequence, at the count of 0. Thus, AND gate 0 with 
inputs O2 and Q» can be used to decode for this count. This same characteristic is 
shared by all the other states in the sequence, as the reader can verify. In fact, for 
any size Johnson counter, the decoding gates will have only two inputs. 
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Figure 7-39 Decoding logic for MOD-6 Johnson counter. 


Johnson counters represent a middle ground between ring counters and bi- 
nary counters. A Johnson counter requires fewer FFs than a ring counter but gen- 
erally more than a binary counter; it has more decoding circuitry than a ring 
counter but less than a binary counter. Thus, it sometimes represents a logical 
choice for certain applications. 


IC Shift-Register Counters — There are very few ring counters or Johnson 
counters available as ICs. The reason is that it is relatively simple to take a shift- 
register IC and to wire it as either a ring counter or a Johnson counter (see Exam- 
ple 7-20). Some of the CMOS Johnson-counter ICs (74HC4017, 74HC4022) include 
the complete decoding circuitry on the same chip as the counter. 


REVIEW QUESTIONS 


1. Which shift-register counter requires the most FFs for a given MOD num- 
ber? 


2. Which shift-register counter requires the most decoding circuitry? 
3. How can a ring counter be converted to a Johnson counter? 
4. True or false: 

(a) The outputs of a ring counter are always square waves. 


(b) The decoding circuitry for a Johnson counter is simpler than for a bi- 
nary counter. 


(c) Ring and Johnson counters are synchronous counters. 
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{-16 COUNTER APPLICATIONS: FREQUENCY COUNTER 


There are numerous applications for the many types of counters we have been 
discussing. In this section and the next we will look at two representative applica- 
tions that illustrate the uses of counters in digital systems. 

A frequency counter is a circuit that can measure and display the frequency 
of a signal. One of the most straightforward methods for constructing a frequency 
counter is shown in Figure 7-40(a) in simplified form. It contains a counter with its 
associated decoder/display circuitry and an AND gate. The AND gate inputs in- 
clude the pulses with unknown frequency, /;, and a SAMPLE pulse that controls 
how long these pulses are allowed to pass through the AND gate into the counter. 


Figure 7-40 Basic frequency-counter method. 
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The counter is usually made up of cascaded BCD counters (Figure 7-32), and the 
decoder/display unit converts the BCD outputs into a decimal display for easy 
monitoring. 

The waveforms in Figure 7-40(b) show that a CLEAR pulse is applied to the 
counter at #% to start the counter at zero. Prior to 4 the SAMPLE pulse waveform is 
LOW, and so the AND output, Z, will be LOW and the counter will not be count- 
ing. The SAMPLE pulse goes HIGH from 4 to h; this is called the sampling inter- 
val. During this sampling interval the unknown frequency pulses will pass through 
the AND gate and will be counted by the counter. After # the AND output returns 
LOW and the counter stops counting. Thus, the counter will have counted the 
number of pulses that occurred during the sampling interval, and the resulting 
contents of the counter are a direct measure of the frequency of the pulse wave- 
form. 


EXAMPLE 7-18 


The unknown frequency is 3792 pulses per second (pps). The counter is cleared 
to the zero state prior to 4. Determine the counter reading after a sampling inter- 
val of (a) 1 s, (b) 0.1 s, and (c) 10 ms. 


Solution 


(a) Within a sampling interval of 1 s there will be 3792 pulses entering the 
counter, and so after # the contents of the counter will read 3792. 


(b) With a 0.1-s sampling interval the number of pulses passing through the AND 
gate into the counter will be 3792 pulses/second X 0.1 s = 379.2. This 
means that either 379 or 380 pulses will be counted, depending on what part 
of a pulse cycle # occurs in. 


(c) With a 10-ms = 0.01-s sampling interval, the counter will read either 37 or 
38. 


The accuracy of this method depends almost entirely on the duration of the 
sampling interval, which must be very accurately controlled. A commonly used 
method for obtaining very accurate sample pulses is shown in Figure 7-41. A crys- 
tal-controlled oscillator is used to generate a very accurate 100-kHz waveform, 
which is shaped into square pulses and fed to a series of decade counters that are 
being used to successively divide this 100-kHz frequency by 10. The frequencies at 
the outputs of each decade counter are as accurate (percentagewise) as the crystal 
frequency. These decade counters are usually binary or Johnson counters. 

The switch is used to select one of the decade-counter output frequencies 
to be fed to a single FF to be divided by 2. For example, in switch position 1 the 
1-Hz pulses are fed to flip-flop Q, which is acting as a toggle FF so that its output 
will be a square wave with a period of T= 2 s anda pulse duration of tp = 7/2 = 
1 s. This pulse duration is the desired 1-s sampling interval. In position 2 the sam- 
pling interval would be 0.1 s, and so on for the other positions. | 
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EXAMPLE 7-19 


Assume that the counter in Figure 7-40 is made up of three cascaded BCD coun- 
ters and their associated displays. If the unknown input frequency is between 1 
kpps and 9.99 kpps, what is the best setting for the switch position in Figure 
7-41? 


solution 


With three BCD counters the total capacity of the counter is 999. A 9.99 kpps fre- 
quency would produce a count of 999 if a 0.1-s sample interval were used. Thus, 
in order to use the full capacity of the counter, the switch should be set to posi- 
tion 2. If a 1-s sampling interval were used, the counter capacity would always 
be exceeded for frequencies in the specified range. If a shorter sample interval 
were used, the counter would count only between 1 and 99; this would give a 
reading to only two significant figures and would be a waste of the counter’s 


Capacity. 


Complete Frequency Counter We will now look at a more complete 
frequency-counter circuit in Figure 7-42(a). The circuit now contains a one-shot 
and a J-K flip-flop operating in the toggle mode, and the AND gate has three in- 
puts, one of which is the FF output X. The SAMPLE pulses are connected to the 
AND gate and also to the CLK input of the FF. These SAMPLE pulses would be 
generated from a circuit such as that in Figure 7-41. The following step-by-step de- 
scription refers to the waveforms in Figure 7-42(b). 


1. Assume that flip-flop X is in the 0 state Gt has toggled to 0 on the falling 
edge of the previous sample pulse). 

2. This LOW from X is fed to the AND gate, disabling its output, so that no 
pulses are fed to the counter even when the first SAMPLE pulse occurs be- 
tween t and h. 

3. At # the NGT of the first SAMPLE pulse toggles flip-flop X to the 1 state (note 
that /= K = 1). This positive transition at X triggers the OS, which generates 
a 100-ns pulse to clear the counter. The counter now displays zero. 

4. At 4 the second SAMPLE pulse enables the AND gate (since X is now 1) and 
allows the unknown frequency into the counter to be counted until 4. 

5. At t, the SAMPLE pulse returns LOW and toggles X LOW, disabling the AND 
gate. The counter stops counting. 

6. Between t; and %& the counter holds and displays the count that it had 
reached at t4. Note that the third SAMPLE pulse does not enable the AND 
gate, because flip-flop X is LOW. 

7. At t% the NGT of the SAMPLE pulse toggles X HIGH and the operation fol- 
lows the same sequence that began at h. 


This frequency counter, then, goes through a repetitive sequence of clearing 
to zero, counting, holding for display, clearing to zero, counting, and so on. For 
example, let’s assume that the counter has three BCD stages and a three-digit 
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Figure 7-42 Frequency counter. 


display. If we use a sample interval of 1 s and the unknown frequency is 237 pps, 
the counter and display will go through the following sequence over and over: 


m Clear to zero and display zero for 1 s [& to & in Figure 7-42(b)]. 


m Starting at zero, count unknown frequency pulses during the 1-s sample in- 
terval (& to &); the count will stop at 237. 


m Hold and display the count of 237 for 2 s (t% to 4). 
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Since the display is connected directly to the counter outputs, the display 
will show the clearing and counting action of the counter. This makes it very dif- 
ficult to read the display to determine the unknown frequency except at very 
slow sample intervals. This problem can be solved by inserting a buffer register 
between the counter and the decoder/display unit. We will consider this feature 
in Problem 7-38. 


REVIEW QUESTIONS 


1. What is the best sample interval setting to use if the pulse counter has 
four BCD stages and the input frequency is between 2 and 8 Mpps? 


2. Describe the sequence of operations of the complete frequency counter 
of Figure 7-42. 


3. Why would it be unwise to use ring counters for the decade counters in 
Figure 7-41? 


{-17% COUNTER APPLICATIONS: DIGITAL CLOCK 


One of the most common applications of counters is the digital clock—a time 
clock which displays the time of day in hours, minutes, and sometimes seconds. In 
order to construct an accurate digital clock, a very closely controlled basic clock 
frequency is required. For battery-operated digital clocks (or watches) the basic 
frequency is normally obtained from a quartz-crystal oscillator. Digital clocks oper- 
ated from the ac power line can use the 60-Hz power frequency as the basic clock 
frequency. In either case, the basic frequency has to be divided down to a fre- 
quency of 1 Hz or 1 pulse per second (pps). Figure 7-43 shows the basic block di- 
agram for a digital clock operating from 60 Hz. 

The 60-Hz signal is sent through a Schmitt trigger circuit to produce square 
pulses at the rate of 60 pps. This 60-pps waveform is fed into a MOD-60 counter 
which is used to divide the 60 pps down to 1 pps. The 1-pps signal is fed into the 
SECONDS section, which is used to count and display seconds from 0 through 59. 
The BCD counter advances one count per second. After 9 seconds the BCD 
counter recycles to 0, which triggers the MOD-6 counter and causes it to advance 
one count. This continues for 59 s, at which point the MOD-6 counter is at the 101 
(5) count and the BCD counter is at 1001 (9), so that the display reads 59 s. The 
next pulse recycles the BCD counter to 0, which in turn recycles the MOD-6 
counter to 0 (remember: the MOD-6 counts from 0 through 5). 

The output of the MOD-6 counter in the SECONDS section has a frequency 
of 1 pulse per minute (the MOD-O recycles every 60 s). This signal is fed to the 
MINUTES section, which counts and displays minutes from 0 through 59. The 
MINUTES section is identical to the SECONDS section and operates in exactly the 
same manner. 

The output of the MOD-6 counter in the MINUTES section has a frequency of 
1 pulse per hour (the MOD-6 recycles every 60 min). This signal is fed to the 
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HOURS section, which counts and displays hours from 1 through 12. This HOURS 
section is different from the SECONDS and MINUTES sections in that it never goes 
to the zero state. The circuitry in this section is sufficiently unusual to warrant a 
closer investigation. 

Figure 7-44 shows the detailed circuitry contained in the HOURS section. It 
includes a BCD counter to count units of hours, and a single FF (MOD-2) to count 
tens of hours. The BCD counter is a 74192, which operates exactly like the 74193 
that we studied earlier except that it counts only between 0000 and 1001. In other 
words, the 74192 can either count up in BCD fashion (.e., 0 to 9, recycling to 0) 
or count down in BCD fashion (i.e., 9 to 0, recycling to 9). Here it is used to count 
up in response to the 1-pulse/hour signal coming from the MINUTES section. The 
INVERTER on the CPs input is needed because the 74192 responds to PGTs, and 
we want it to respond to the NGT that occurs when the MINUTES section recycles 
back to zero. 

The incoming pulses advance the BCD counter once per hour. For example, 
at 7 o’clock this counter will be at 0111, and its decoder/display circuitry will dis- 
play the numeral 7. At the same time, X will be LOW and its display will show a 


Figure 7-44 Detailed circuitry for the hours section. 
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zero. Thus, the two displays will show “07.” When the BCD counter is in the 1001 
(9) state and the next input pulse occurs, it will recycle back to 0000. The NGT at 
QO; will toggle flip-flop X from 0 to 1. This produces a numeral 1 on the X display 
and a numeral 0 on the BCD display so that the combined displays show “10” for 
10 o'clock. 

The next two pulses advance the BCD counter so that “11” and “12” are dis- 
played at 11 o’clock and 12 o'clock, respectively. The next pulse advances the 
BCD counter to 0011 (3). In this state, the counter’s Q; and Q outputs are both 
HIGH, and_X is still HIGH. Thus, the NAND gate output goes LOW and activates 
the DC CLEAR of flip-flop X and the PZ input of the 74192. This clears X to 0 and 
presets the BCD counter to 0001. The result is a display of “01” for 1 o’clock. Sev- 
eral of the end-of-chapter problems will provide more details on the digital clock 
circuit. 


REVIEW QUESTIONS 


1. Name the basic blocks that make up a digital clock circuit. 
2. Why is an INVERTER needed in Figure 7-44? 


{-16 —_INTEGRATED-CIRCUIT REGISTERS 


The various types of registers can be classified according to the manner in which 
data can be entered into the register for storage and the manner in which data are 
outputted from the register. The various classifications are listed below. 


1. Parallel in/parallel out 
2. Serial in/serial out 

3. Parallel in/serial out 
4. Serial in/parallel out 


Each of these types is available in IC form so that a logic designer can usu- 
ally find exactly what is required for a given application. In the following sections 
we will examine a representative IC from each of the above categories. 


{-19 PARALLEL IN/PARALLEL OUT— 
THE 74174 AND 74178 


There are actually two types of registers in this category; one is strictly parallel, the 
other is actually a shift register that can be loaded with parallel data and has paral- 
lel outputs available. 


The 74174 — Figure 7-45(a) shows the logic diagram for the 74174 (also 
74LS174 and 74HC174), a 6-bit register that has parallel inputs Ds; through Dy and 
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parallel outputs Qs through Qo. Parallel data are loaded into the register on the 
PGT of the clock input CP. A master reset input MR can be used to asynchro- 
nously reset all the register FFs to 0. 

The logic symbol for the 74174 is shown in Figure 7-45(b). This symbol is 
used in circuit diagrams to represent the circuitry of Figure 7-45(a). 


The 74178 Figure 7-46(a) shows the logic diagram for the 74178 (also 
74HC178), a 4-bit shift register that has parallel data entry (Py through P3) and par- 
allel outputs (Qo through Qs). It has a serial data input, Ds, and two enable inputs: 
PE (parallel enable) and SE (serial enable). 

Figure 7-46(b) is the mode-select table that describes the various modes of 
operation for this IC. The first entry gives the input conditions necessary for the 
shift-right operation. With SE = 1, the data will shift from left to right on the NGT 
of clock input CP regardless of the logic level at the PE input (recall that X repre- 
sents the “don’t care” condition). You can verify this by tracing through the logic 
diagram and noting that when SE = 1, the Ds input passes through the logic gates 
and appears at the D input of the Qp flip-flop. Likewise, Qo will appear at the D 
input of Q;; QO; will appear at the D input of Qo; and Q» will appear at the D input 
of Qs. 

The second entry in the table gives the conditions needed to produce paral- 
lel transfer from the parallel data inputs (/ through P3) to the outputs (Q) through 
Q3). When SE = 0 and PE = 1, this parallel transfer occurs on the NGT of CP. Note 
that this is a synchronous transfer. Again, by tracing through the logic diagram, 
you can see that when SE = 0 and PE = 1 the parallel data inputs will get through 
the logic gates and will appear at the D inputs of their respective FFs. 

The final entry in the table indicates that the SE= 0, PE= 0 condition will 
cause the register FFs to hold their current levels regardless of what happens at 
the clock input. For this input condition, each FF output is allowed to pass 
through its respective logic gates and appear at the Dinput of the same FF. Thus, 
a NGT on CP will not change the state of the FF. 

Figure 7-47 shows the logic symbol for the 74178/74HC178. 


PE Po P, Py Py 
Ds 
CP er 74178 
SE 


1 


Qo Q, Q) Qs 


Figure 7-47 Logic symbol for the 74178. 


EXAMPLE 7-20 


Describe how the 74178 can be connected as a ring counter, and as a Johnson 
counter. 
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Solution 


The ring counter connections are shown in Figure 7-48. The Q3 output is con- 
nected back around to the Ds input. The parallel data inputs are permanently set 
at 0001 and the PE input is connected permanently HIGH. The SE input is initially 
connected LOW. This allows each NGT at CP to parallel-load the shift register 
with 0001. Then, SE is switched to the HIGH state (shift mode), where it remains 
as the NGTs at CP cause the single 1 to shift and recirculate through the register. 

To form a Johnson counter, add an INVERTER between the Q; output and Ds 
and change the parallel data inputs to 0000 to preset the counter to 0000. 


Qo QO, Q2 Qs 


Figure 7-48 74178 wired as a ring counter. 


{-20 — SERIAL IN/SERIAL OUT—THE 4731B 


The 4731B is a CMOS quad 64-bit shift register. It contains four identical 64-bit 
shift registers on one chip. Figure 7-49 shows the logic diagram for one of the 64- 
bit registers. It has a serial input, Ds, a clock input CP that responds to NGTs, and 
a serial output from the last FF, Q63. This is the only output that is externally acces- 
sible. Note that this output goes through a buffer circuit (triangle symbol with no 
inversion bubble). A buffer does not change the signal’s logic level; it is used to 
provide a greater output-current capability than normal. Also note that there is no 
means for parallel data entry into the register FFs. 


EXAMPLE 7-21 


How can the 4731B chip be wired as a single 256-bit shift register? 


Solution 


The four shift registers can be strung together as one long register by connecting 
the Q¢3 output of one to the Ds input of the next, and by connecting all CP inputs 
together as a common clock input. This is shown in Figure 7-50, where a simpli- 
fied logic symbol for each shift register is used for convenience. 
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64-bit 
shift register 
427316 


FFO FFI FF2 FF3 


* All FFs are 
master/slave 


Figure 7-49 Logic diagram for one of four 64-bit shift registers on a 4731B. (Courtesy of Fairchild, a 


Schlumberger company) 


Figure 7-50 The four 64-bit shift registers on the 4731B chip can be 
connected together as a 256-bit register. 


(-21 PARALLEL IN/SERIAL OUT— 
THE 74165/74LS165/74HG165 


The 74165, an 8-bit register, is shown in Figure 7-51(a). It actually has both serial 
data entry via Ds and asynchronous parallel data entry via P through P;. The only 


accessible FF outputs are QO7 and Qz. 


358 — CHAPTER 7 / COUNTERS AND REGISTERS 


(AuvdWOo JasJaquIN[yys ve ‘pplyosey Jo Asoynog) ‘JOquUIAS SISO] (Gq) ‘SOTPL OY] Jo WeISLIpP OISOT (ve) = ¢-Z aanBryq 


(q) 
L C) \d 
2 _ < Z49 
- GOL y ey 
S 
q 
rad Fd “ad "d “a td 7g 
(e) 
as Bee, Sees ee, es ee Shes aise 


ale S44 TV « 


E 


dd 
7 6 ao) 
otf 
ae 
1asdyd . 
do 
>q 


309 


360 


Note that the FFs are the clocked SR type (same as clocked SC) that respond 
to NGTs at their clock inputs. Each FF has asynchronous inputs, PRESET and CL 
(same as CLEAR), that are used for asynchronous parallel data entry when PL goes 
LOW. 

Also note that there are two clock inputs, CP; and CP», either of which can 
be used to produce the shift operation on PGTs. 


EXAMPLE ¢-22 


Determine the necessary input conditions if pulses at CP; are to produce the shift- 
right operation. 


Solution 


In order for the CP; pulses to get through AND gate 1, the PZ input has to be 
HIGH. The CP, pulses out of the AND gate will be inverted by the NOR gate only 
if the other NOR input is LOW. Thus, CP; must be held LOW. The inverted CP, 
pulses will trigger the FFs. The FFs trigger on the NGT of the inverted CP, pulses, 
which means that they trigger on the PGT of the pulses applied to the CP; input. 


EXAMPLE ¢-23 


How can the 74165 be placed in the hold mode so that the register contents do 
not change as pulses are applied to CP;? 


Solution 


If CP; is kept HIGH while PZ is HIGH, the AND gate 2 output will be HIGH and 
will keep the NOR output at a constant LOW regardless of the CP; input. 


(-22 SERIAL IN/PARALLEL OUT— 
THE 74164/74LS164/74HC164 


The logic diagram for the 74164 is shown in Figure 7-52(a). It is an 8-bit shift regis- 
ter with each FF output externally accessible. Instead of a single serial input, an 
AND gate combines inputs A and B to produce the serial input to flip-flop Qo. 

The shift operation occurs on the PGTs of the clock input CP. The MR input 
provides asynchronous resetting of all FFs on a LOW level. 


EXAMPLE 7-24 


Assume that the initial contents of the 74164 register in Figure 7-53(a) are 
00000000. Determine the sequence of states as clock pulses are applied. 


solution 


The correct sequence is given in Figure 7-53(b). With A = B= 1, the serial input is 
1, so that 1s will shift into the register on each PGT of CP. Since Q7 is initially at 0, 
the MR input is inactive. 
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On the eighth pulse, the register tries to go to the 11111111 state as the 1 
from Qs shifts into Q7. This state occurs only momentarily because Q7 = 1 pro- 
duces a LOW at MR that immediately resets the register back to 00000000. The se- 
quence is then repeated on the next eight clock pulses. 


Recycles 


Temporary 
state (b) 


Figure 7-53 Example 7-24. 


The following is a list of some other register ICs that are variations on those 
already presented. 


m 74194/LS194/HC194. This is a 4-bit bidirectional universal shift register IC 
which can perform shift-left, shift-right, parallel in, and parallel out opera- 
tions. These operations are selected by a 2-bit mode select code applied as 
inputs to the device. Problem 7-49 will provide you with a chance to find out 
more about this versatile chip. 

gm 74373/LS8373/HC373/HCT373. This is an 8-bit (octal) register containing 
eight D latches with tristate outputs. A tristate Output is a special type of 
logic circuit output that allows device outputs to be safely tied together. We 
will introduce the characteristics of tristate outputs in the next chapter. 

m@ 74374/LS374/HC374/HCT374. This is an 8-bit (octal) register containing 
eight edge-triggered D flip-flops with tristate outputs. 
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The IC registers that have been presented here are representative of the vari- 
ous types that are commercially available. Although there are many variations on 
these basic registers, most of them should now be relatively easy to understand 
from the manufacturers’ data sheets. 

We will present several register applications in the end-of-chapter problems 
and in the material covered in subsequent chapters. 


REVIEW QUESTIONS 


o What kind of register can have a ee binary number loaded into i it 
in one oo and then Kee it a out one bit at a time?  . 


ou has all: data bits available as outputs? 


Z In what Lig of register do we have access Sake to the Tefimost or eu 
most FFs? | 


5. How does the ee data entry differ for the 74105 and 74178? 


hat es on register ¢ can howe ae ed into it oo one > bit at a time, ne, 


(-23 —IEEE/ANSI REGISTER SYMBOLS 


We will present two examples of the IEEE/ANSI symbols for register ICs. First, let’s 
consider the 74174 parallel-in/parallel-out IC whose internal logic and traditional 
logic symbol was shown in Figure 7-45. The IEEE/ANSI symbol for the 74174 is 
given in Figure 7-54(a). Its outline consists of the notched common-control block 
and the six narrow rectangles representing the six FFs. 

The common-control block has the inputs that are common to all of the ele- 
ments in the IC; in this case, the MR and CP inputs are common to the six FFs Q 
through Qs; that make up the register. The internal label for the MR input is shown 
as an R to indicate that its function is to reset each FF. The internal label for the CP 
input is C1, which tells us that this input controls the entry of data into any storage 
element that has a prefix of 1 in its input label. Each FF’s D input has an internal 
label of 1D (shown only for Qo, but assumed the same for each FF). The “1” in C1 
and 1D establishes the dependency of the flip-flop D inputs on the common clock 
input ‘GP. 

The IEEE/ANSI symbol for the 74164 serial-in/parallel-out shift register is pre- 
sented in Figure 7-54(b). Its outline consists of the common-control block and the 
eight FFs that make up the register. The notation SRG 8 identifies this IC as being 
an 8-bit shift register. 

The CP input has the internal label C1/—. The slash (/) is used to separate 
the two functions C1 and — performed by this input. The Cl indicates that CP 
controls the data entry into flip-flop Qo since Qo has the input label 1D. Note that 
the data bit entered into Qo is indicated as the AND combination of inputs A and 
B. Also note that since there are no external data inputs to Q; through Q;, CP 
does not control data entry into these FFs. The — denotes that the active transition 
of GP will produce the shift-right operation (from Qo toward Q7). 
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Figure 7-54 
(b) 74164 serial-in/parallel-out shift register. 


IEEE/ANSI symbols for the (a) 74174 parallel-in/parallel-out register and 


REVIEW QUESTIONS 


1. What does the slash (/) mean when it appears in an input label? 


2. What notation would be used to describe the function performed by one 
of the registers on the 4731B IC of Figure 7-49? 


(-24 TROUBLESHOOTING 


Flip-flops, counters, and registers are the major components in sequential logic 
systems. A sequential logic system, because of its storage devices, has the charac- 
teristic that its outputs and sequence of operations depend on both the present in- 
puts and the inputs that occurred earlier. Even though sequential logic systems are 
generally more complex than combinational logic systems, the essential proce- 
dures for troubleshooting apply equally well to both types of systems. Sequential 
systems suffer from the same types of failures (open circuits, shorts, internal IC 
faults, and the like) as do combinational systems. 

Many of the same steps used to isolate faults in a combinational system can 
be applied to sequential systems. One of the most effective troubleshooting tech- 
niques begins with the troubleshooter observing the system operation, and, by an- 
alytical reasoning, determining the possible causes of the system malfunction. 
Then he or she uses available test instruments to isolate the exact fault. The fol- 
lowing examples will show the kinds of analytical reasoning that should be the 
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initial step in troubleshooting sequential systems. After studying these examples, 
you should be ready to tackle the troubleshooting problems at the end of the 
chapter. 


EXAMPLE 7-25 


Figure 7-55(a) shows a 74293 wired as a MOD-10 counter. A technician tests the 
counter operation by applying a 1-kHz clock signal and observing the Q outputs 
with an oscilloscope. The displayed waveforms are shown in Figure 7-55(b). De- 
termine the possible causes for the incorrect circuit behavior. 


74293 


CTR DIV10 


CLOCK 


Kk—1ms —! 


CLOCK 


Q, 


Q3 


Figure 7-55 Example 7-25. 


Solution 


The waveforms show that Qo is toggling in response to the NGTs of the clock, but 
all other FFs are stuck in the LOW state. There are several possible faults that 
could produce this operation. 


1. The Q; output is internally or externally shorted to ground. Referring to Fig- 
ure 7-8(a), we can see that this would prevent Q2 and Q3; from toggling, 
since Q, is the clock signal for Q2 and Qz is the clock signal for Qs3. 
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2. The connection from Qo to CP, is open, so that Q; receives no clock signal. 
3. There is an internal fault in the IC that prevents Q; from toggling. 
4. The MR, input is internally shorted to ground, forcing Q; = 0. 


EXAMPLE 7-26 


After analyzing the situation described in Example 7-25, the technician proceeds to 
isolate the fault. He performs ohmmeter checks and verifies that Q; is not shorted 
to ground and that Qo is connected to CP;. This eliminates the first two possible 
faults. Concluding that the IC is bad, he replaces it. To his surprise, the circuit op- 
eration exhibits the same symptoms. Scratching his head, he decides to take a 
closer look at the FF waveforms by displaying them using a 10-ns/cm time scale. 
On this scale he can see a very narrow glitch occurring on the Q; signal at the 
time when Qo makes a NGT (see Figure 7-56). What is the probable fault? 


cock 
i To 
. oS 
0 
10 
ns 
Q 
* 0 
Q 
2 9 —— ———_ Figure 7-56 Example 7-26. 


Solution 


When the counter is operating correctly there should be a glitch at Q; when the 
counter goes to the 1010 (ten) state, at which point the HIGHs at Q3 and Q; cause 
the MR inputs to clear the count back to 0000. The waveforms in Figure 7-560, 
however, do not show Q3 HIGH when the glitch at Q; occurs. The most probable 
fault is an open connection at Mk, since this would be interpreted as a constant 
logic HIGH by the TTL integrated circuit. Thus, as soon as Q; goes HIGH, the MR 
inputs are both HIGH and the counter resets to 0000. 


EXAMPLE 7-27 


A technician tests the frequency counter of Figure 7-42 for various settings of the 
sample interval and for different unknown input frequencies. In all cases she finds 
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that the displayed frequency is exactly twice what it should be. What is the proba- 
ble cause of the malfunction? 


solution 


Referring to Figure 7-42, we see that the unknown frequency is allowed through 
the AND gate into the counter during the interval & to & while SAMPLE and X are 
both HIGH. If the middle input to the AND gate were open, it would act like a 
permanent HIGH (assuming TTL devices). This would allow the unknown fre- 
quency pulses through the gate while X is HIGH during the interval 4 to &. This is 
twice the normal interval, and so the counter will count to twice the normal value. 


EXAMPLE 7-28 


A technician wires up the digital clock of Figures 7-43 and 7-44. He observes that 
the seconds section is counting properly. In order to quickly test the operation of 
the minutes and hours sections, he bypasses the MOD-60 counter so that the 
counters will be pulsed at a rate that is 60 times faster than normal. He observes 
that the minutes section is working correctly, but the hours section counts and dis- 
plays in the manner shown in Table 7-6. What is the probable cause of this incor- 
rect sequence? 


Table 7-6 


recycle and repeat 


Noe oO o 


solution 


Since the problem is in the hours section, we need to refer to Figure 7-44. The se- 
quence above is correct except that the tens digit is incremented from 0 to 1 when 
the units digit goes from 7 to 8 instead of when it goes from 9 to 0. This operation 
would occur if the CLK input of flip-flop X were mistakenly connected to Q2 rather 
than Q3 of the BCD counter. If this is the case, then when the BCD counter incre- 
ments from 7 to 8, its Q> flip-flop makes a NGT that will toggle flip-flop X prema- 
turely. 
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PROBLEMS 


SECTION 7-1 


7-1. An 8-MHz square wave clocks a 5-bit ripple counter. What is the fre- 
quency of the last FF? What is the duty cycle of this output waveform? 


7-2. Repeat Problem 7-1 if the input has a 20 percent duty cycle. 
7-3. Assume that the 5-bit binary counter starts in the 00000 state. What will be 
the count after 144 input pulses? 
SECTION 7-2 


7-4. Use J-K flip-flops and any other necessary logic to construct a MOD-24 
asynchronous counter. 


7-5. Draw the waveforms for all the FFs in the decade counter of Figure 7-6(b) 
in response to a 1-kHz clock frequency. Show any glitches that might ap- 
pear on any of the FF outputs. Determine the frequency at the D output. 


7-6. When a NAND gate is used to clear a counter back to zero as in the coun- 
ters of Figures 7-4 to 7-7, there may be a possible problem because the 
propagation delays from CLEAR input to FF output may vary from FF to 
FF. For example, suppose that one FF clears in 10 ns and another clears in 
50 ns. When the faster FF clears to 0 it will cause the NAND gate output to 
go back HIGH, thereby terminating the CLEAR pulse, and the slower FF 
may not be cleared. This problem is especially prevalent when the FF out- 
puts are unevenly loaded, since, in general, the propagation delay of a FF 
increases as it drives more loads. 


Figure 7-57 


Clock Input 


jt bee ae 


All J, K inputs 
are HIGH 
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A possible means for eliminating this problem is shown in Figure 7-57 
for a MOD-6 counter. The SET-CLEAR flip-flop is the cross-coupled NAND 
latch studied in Chapter 5. Analyze the operation of this circuit and ex- 
plain how the clearing function is performed without the problem de- 
scribed above. 


7-7. Refer to the counter shown in Figure 7-58. How can you tell that it is a 
down counter? It has been modified so that it does not count through the 
entire binary sequence 111 to 000. Determine the actual sequence it 
counts through. 


All J, K inputs are HIGH 


Figure 7-58 


7-8. A counter or group of counters is often used to divide a high-frequency 
clock signal down to a lower-frequency output. When these counters are 
binary counters (i.e., they count in the binary sequence), the output will 
not be a symmetrical square wave if the binary sequence has been short- 
ened in order to produce the desired MOD number. For example, refer to 
the C waveform of the MOD-6 counter in Figure 7-4. 

When a counter is being used only for frequency division, it is not 
necessary that it count in a binary sequence as long as it has the desired 
MOD number. A symmetrical square-wave output can be obtained for any 
even MOD number by breaking the MOD number into the product of two 
MOD numbers, one of which is a power of 2. For example, a MOD-6 
counter can be formed from a MOD-3 counter and a MOD-2 counter as 
shown in Figure 7-59. 

Here flip-flops A and Band the NAND gate make up the MOD-3 
counter, whose B output has one-third the frequency of the input pulses. 
This B output is connected to the input of flip-flop C,; which is acting as a 
MOD-2 counter to divide the frequency down to one-sixth the frequency 
of the input pulses. 

(a) Assume all FFs are initially LOW, and sketch the waveforms at each 

FF output for 12 cycles of the input. 

(b) Construct the state transition diagram and show that it is not a normal 
binary sequence. 
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50% duty-cycle 
output 


Figure 7-59 


SECTION 7-3 


7-9. Show how a 74293 counter can be used to produce a 1.2-kpps output 
from an 18-kpps input. 


7-10. Show how two 74293s can be connected to divide an input frequency by 
60 while producing a symmetrical square-wave output. 


7-11. Determine the frequency at output X in Figure 7-60. 


‘ap 8.64 kpps 
74293 P. 74293 
MR, MRz Q3 Qy Q, Qg MR, MR» Q3 Qy Q, Qo 
Z b X 
Figure 7-60 
SECTION 7-4 


7-12. (a) Draw the diagram for a MOD-16 down counter. 
(b) Construct the state transition diagram. 
(c) If the counter is initially in the 0110 state, what state will it be in after 
37 clock pulses? 
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SECTION 7-5 


7-13. A 4-bit ripple counter is driven by a 20-MHz clock signal. Draw the wave- 
forms at the output of each FF if each FF has fpa = 20 ns. Determine 
which counter states, if any, will not occur because of the propagation de- 
lays. 

7-14. (a) What is the maximum clock frequency that can be used with the 

counter of Problem 7-13? 
(b) What could fnax be if the counter were expanded to 6 bits? 


SECTION 7-6 


7-15. (a) Draw the circuit diagram for a MOD-64 parallel counter. 
(b) Determine fnax for this counter if each FF has tha = 20 ns and each 
gate has fpq = 10 ns. 


Wy 7-16. Figure 7-61 shows a 4-bit parallel counter which is designed so that it 

“a does not sequence through the entire 16 binary states. Analyze its opera- 
tion by determining its counting sequence and then draw the waveforms 
at each FF output. (See Section 5-23 to review analysis procedure.) As- 
sume that all FFs are initially in the 0 state. 


Figure 7-61 


SECTIONS 7-8 AND 7-9 


Pa 7-17. Show how to connect two 74193s to form an 8-bit counter that divides the 
“es clock frequency by 100. Use the 7Cp output of one 74193 stage as the 


clock for the second 74193 stage. Connect the parallel data inputs so that 
the combined counter presets at 10019. Note that the counter is to be pre- 
set when both stages are simultaneously at their end counts. 


Nae 7-18. Figure 7-62 shows how a presettable down counter can be used in a pro- 
“SS grammable timer circuit. The input clock frequency is an accurate 1 Hz 
derived from the 60-Hz line frequency after division by 60. Switches S1 to 
S4 are used to preset the counter to a desired starting count when a mo- 
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Figure 7-62 


mentary pulse is applied to PLZ. The timer operation is initiated by depress- 
ing the START pushbutton switch. Flip-flop Z is used to eliminate effects 
of bounce in the START switch. The OS is used to provide a very narrow 
pulse to the PL input. The output of flip-flop X will be a waveform that 
goes HIGH for a number of seconds equal to the number set on the 
switches. 

(a) Assume that all FFs and the counter are in the 0 state and analyze and 
explain the circuit operation, showing waveforms when necessary, for 
the case where S1 and S4 are LOW and S2 and S3 are HIGH. Be sure 
to explain the function of flip-flop X. _ 

(b) Why can’t the timer output be taken at the TCp output? 

(c) Why can’t the START switch be used to trigger the OS directly? 

(d) What will happen if the START switch is held down too long? Add the 
necessary logic needed to ensure that holding the START switch 
down will not affect the timer operation. 

7-19. Modify the circuit of Figure 7-24 so that it functions as a MOD-10 counter. 

The frequency at the Q3 output should be one-tenth the frequency of the 

CPp input. Draw the waveforms at Q3, Q2, Qi, Oo, and TO. 
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7-20. Change the parallel data inputs in Figure 7-24 to 1001. Draw the wave- 
forms at O3, Oo, Qi, Oo, and TCp. What is the MOD number? 

7-21. Show how to connect two 74193 counters to count down from 175; to 0, 
and recycle. | 


SECTION 7-10 


7-22. Figure 7-63 shows the IEEE/ANSI symbol for a 7490 or 74290 counter IC. 

Examine the symbol and determine the following. 

(a) The overall MOD number 

(b) The function performed by the MR inputs 

(c) The function performed by the MS inputs 

(d) Is this an up counter or a down counter? 

(e) How would you connect it to function as a BCD counter? (Refer to 
data sheet, Appendix II.) | 

(f) How would you connect it to divide the clock frequency by 10 and 
produce a symmetrical square wave? 


7490/74290 Figure 7-63 


7-23. The 74192 counter IC operates cy like the 74193 except for the fol- 
lowing differences: 


m The 74192 is a BCD counter that either counts up from 0 to 9, or 
counts down from 9 to 0. 


m The TG output is activated when the count is 9 and the CP input is 
LOW. | 


Modify the IEEE/ANSI symbol of Figure 7-26 so that it represents the 
74192. 


SECTIONS 7-11 AND 7-12 


7-24. Draw the gates necessary to decode all the states of a MOD-16 counter 
using active-LOW outputs. 
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7-25. Draw the AND gates necessary to decode the 10 states of the BCD counter 
of Figure 7-6(b). 

7-26. Figure 7-64 shows a counter being used to help generate control wave- 
forms. Control waveforms 1 and 2 could be used for many purposes, in- 
cluding control of motors, solenoids, valves, and heaters. Determine the 
control waveforms, assuming that all FFs are initially LOW. Ignore decod- 
ing glitches. Assume that clock frequency = 1 kpps. 


Al Jk 
inputs = | 


Control # 1 


PIwWloa Ol 


Control # 2 


rwoa wl 


Figure 7-64 


Wy 7-27. Draw the complete waveforms at the output of the decoding gates of a 

Ne MOD-106 ripple counter, including any glitches or spikes that can occur 
due to the FF delays. Why are the gates which are decoding for even 
numbers the only ones that have glitches? 


\\ 
7) 


7-28. The circuit of Figure 7-64 might malfunction because of glitches at the out- 
puts of the decoding NAND gates. 
(a) Determine at what point(s) the glitches can cause erroneous oper- 
ation. 
(b) What are two ways that can be used to eliminate the possibility of 
erroneous operation? 


SECTION 7-13 


7-29. How many FFs are used in Figure 7-32? Indicate the states of each of these 
FFs after 795 pulses have occurred. 

7-30. How many cascaded BCD counters are needed to be able to count up to 
8000? How many FFs does this require? Compare this with the number of 
FFs required for a normal binary counter to count up to 8000. Since it uses 
more FFs, why is the cascaded BCD method used? 
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SECTION 7-14 


ys 7-31. (a) Design a synchronous counter that has the following sequence: 000, 
"a “4 010, 101, 110, and repeat. The undesired (unused) states 001, 011, 
100, and 111 must always go to 000 on the NEXT clock pulse. 
(b) Redesign the counter of part (a) without any requirement on the 
unused states; that is, their NEXT states can be don’t cares. Compare 
with the design from (a). 


Quy 7-32. Use the synchronous counter design procedure to design a 4-bit synchro- 
fe nous down counter that counts through all states from 1111 down to 0000. 
Compare your result with the synchronous down counter described in 
Section 7-7. 


SECTION 7-15 


7-33. Draw the diagram for a 5-bit ring counter using J-K flip-flops. 


7-34. Combine the ring counter of Problem 7-33 with a single J-K flip-flop to 
produce a MOD-10 counter. Determine the sequence of states for this 
counter. This is an example of a decade counter that is not a BCD counter. 


7-35. Draw the diagram for a MOD-10 Johnson counter using J-K flip-flops and 
determine its counting sequence. Draw the decoding circuit needed to de- 
code each of the 10 states. This is another example of a decade counter 
that is not a BCD counter. 


7-36. Determine the frequency of the pulses at points w, x, y, and z in the cir- 
cuit of Figure 7-65. 


LILI] 4-bit MOD-25 4-bit 
10-bit 

parallel ripple Johnson 

counter counter counter 


ring counter 
160 kHz 


Figure 7-65 


7-37. For a ring counter to operate properly, it is necessary to load it with a sin- 
gle 1. Since the initial starting states of the flip-flops are unpredictable, 
some additional circuitry is needed to initialize the FF states. Figure 7-66 
shows two methods. 

(a) The NOR gate in Figure 7-66(a) ensures that no matter what state the 
counter starts out in, it will eventually get to 1000 and will continue 
in proper counting sequence. To demonstrate this, assume that all FFs 
start in the 1 state and determine the sequence of states for eight 
clock pulses. 

(b) When connected to the indicated FF inputs, the RC’ circuit in Figure 
7-60(b) ensures that the counter always starts in the 1000 state on 
power-up. Describe how this works. 


SECTION 7-16 


7-38. As pointed out in the text, the frequency counter of Figure 7-42 has the 
disadvantage that the display shows all of the counter operations (reset- 
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CLOCK 


to PRE of Q1 and CLR of Q2-O04 


(b) 
Figure 7-66 


ting, counting, holding) and would therefore be confusing, if not unread- 

able. This can be overcome by the addition of buffer registers to store the 

contents of the counter at the end of each counting interval (74; to & in Fig- 

ure 7-42) and hold it for display until the end of the next counting interval 

(t7 to tg). Figure 7-67 shows this modification. A register consisting of four 

_D flip-flops has been inserted between each BCD counter and its de- 

coder/display unit. 

(a) Analyze this circuit and describe its operation, particularly the 
transferring of data from the counters to the display. 

(b) What would you see on a three-digit display if the unknown 
frequency were constant at 2570 pps and the sample interval were 
0.1 s? 

(c) What would you see on this display if the unknown frequency were 
suddenly changed to 3230 pps? 

7-39. The frequency counter of Figure 7-67 uses three BCD counters and a sam- 
pling interval of 100 ws. Determine the readings on the three frequency- 
counter displays for each of the following input frequencies. 

(a) 220 kkps 
(b) 4.5 Mpps 
(c) 750 pps 


SECTION 7-17 


7-40. Design the complete circuit for the SECONDS section of the digital clock 
circuit of Figure 7-43. Use a 74293 for the MOD-6 and a 74290 for the 
BCD. 


376 CHAPTER 7 / COUNTERS AND REGISTERS 


Unknown f 


JOO 


ee | | | | Sample pulses 


BCD 
counter 
(tens) 


BCD 
counter 
(units) 


Q3; }Q,  |Q 


To 
hundreds (Same 
section arrangement 
as for units 
section.) 
Decoder/display 
0-9 
To 
clear JIL 
inputs of 
counter 
stages 
Figure 7-67 


7-41. The digital clock of Figure 7-43 has to have some means for manually set- 
ting the HOURS and MINUTES sections to the correct starting time. For ex- 
ample, this can be done by switching the 1-pps signal into the input of the 
MINUTES section when a SET MINUTES pushbutton is activated. A similar 
operation can be done with a SET HOURS pushbutton. Design the neces- 
sary logic to provide this capability using two pushbutton switches. 

7-42. Modify the HOURS section of the digital clock (Figure 7-44) so that it 
counts and displays military time G.e., 00 to 23 hours). 


SECTIONS 7-19 AND 7-20 


7-43. Modify the frequency counter of Figure 7-67 so that it uses 74174 ICs. As- 
sume that the counter contains three BCD counters and a three-digit dis- 
play. 


CHAPTER 7 / PROBLEMS 


O17 


7-44. Show how to connect two 74178s as an 8-bit ring counter. 


WY 7-45 


START 


Figure 7-68 shows how a 74178 can be used as a parallel-to-serial con- 
verter. The parallel data that are entered at Py) through P; are shifted out 
serially so that a serial waveform appears at Q3. The shifting out of the 
parallel data is controlled by the occurrence of the START pulse. This 
START pulse occurs asynchronously to the clock pulses, and so the D flip- 
flops are used to synchronize the parallel loading and shifting of the 
74178. 

Assume that the START pulse has been LOW and that clock pulses 
have been continually applied to the circuit for a long time before time f 
(see waveforms). Draw the waveforms that appear at Ox, Ox, Oy, and OQ; 
in response to the START pulse shown in the figure. 


Figure 7-68 


7-46. A shift register is often used to delay a logic signal by an integral number 


of clock cycles. If the waveforms in Figure 7-69 are applied to the inputs 
of one of the 4731B shift registers, how long will it take the Ds waveform 
to appear at the Q¢3 output? (Assume that the 4; requirement of the regis- 
ter FFs is met by the D waveform.) 
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e TOLLWAY 


Figure 7-69 


SECTIONS 7-21 AND 7-22 


Wy 7-47, Modify the circuit of Figure 7-53 so that the INVERTER output is con- 

one nected to the A input instead of to MR. 

(a) Draw the waveforms at each FF output in response to the input 
waveforms shown in Figure 7-70. 

(b) Add the necessary logic to produce a timing-signal output that goes 
HIGH only during time intervals 4 to # and fg to bo. 

(c) Add the necessary logic to produce a timing signal that goes LOW 
only during the interval & to &. 


| 
| 
| 
| 
| 
te & &% te te % it & 


Figure 7-70 


7-48. Assume that pulses have been applied continuously to CP, prior to & in 
Figure 7-71. Draw the waveform at Q7 in response to the CP; and PL 
waveforms shown. 


7-49. While examining the schematic for a piece of equipment, a technician or 
engineer will often come across an IC that is unfamiliar. In such cases, it is 
often necessary to consult the manufacturer’s IC data book for specifica- 
tions on the device. The information on the IC data sheets is always com- 
plete, but is sometimes difficult to understand especially by someone with 
very little experience. This problem will give you practice in obtaining in- 
formation about a fairly complex IC—the 74194 bidirectional universal 
shift register. Consult the data sheets in Appendix II to answer the follow- 
ing questions. Support your answers. 

(a) Is the CLR input asynchronous or synchronous? 
(b) True or false: When CLK is LOW, the So and 5S; levels have no effect 
on the register. 
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Figure 7-71 


(c) 


(d) 
(e) 
(f) 
(g) 


(h) 


Assume the following conditions: 


QaQOsbOcQp =1011 
ABCD=0110 


CIR =1 
SR SER = 0 
SL SER = 1 


If S = 0 and S; = 1, what will be the register outputs after one CLK 
pulse? After two CLK pulses? After three? After four? 

Use the same conditions except So = 1, 5; = 0 and repeat (c). 

Repeat with So = S, = 1. 

Repeat with So = S = 0. 

Use the same conditions as in (c) except assume that output Qa is 
connected to SL SER. What will be the register outputs after four CLK 
pulses? 

Show how to connect this IC to function as a ring counter that counts 
through the following Q4 Qg Oc Qp sequence: 0001, 0010, 0100, 1000, 
and repeat. 


SECTION 7-24 


7-50. A technician tests the counter of Figure 7-55(a) by applying a low- 


frequency clock signal and monitoring the FF outputs on indicator LEDs. 
He observes a repetitive sequence indicated by the LEDs (Table 7-7). 


What are the possible reasons why the counter is not counting properly? 
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7-52. 


7-53. 


7-55. 


7-56. 


7-57. 


Table 7-7 


recycle and 
repeat 


Refer to the digital clock circuit of Figures 7-43 and 7-44. A technician test- 
ing the circuit observes that the SECONDS and MINUTES sections count 
properly, but the HOURS section counts as follows: 01, 02, 03, 04, 05, 06, 
07, 08, 09, 10, 11, 12, 11, 12, 11, 12, .... What is the probable cause of the 
malfunction? 


A technician tests the digital clock circuit (Figures 7-43 and 7-44) and ob- 
serves that the HOURS section does not count and the MINUTES section 
counts from 00 to 39, and then recycles to 00 and repeats. What are the 
possible causes of this incorrect behavior? 


Refer to the modified frequency counter of Figure 7-67. Assume that there 
are three BCD counter stages with associated buffer registers. The sample 
interval is set at 1 s and the unknown frequency is 125 pps. Describe what 
will appear on the display for each of the following circuit faults. 

(a) An open connection at the top input of the AND gate 

(b) A burned-out resistor Rr 


A technician tests the frequency counter of Figure 7-67 using a sample in- 
terval of 1 s and an unknown frequency of 125 pps. She expects to see a 
display of 125, but instead sees the display changing every few seconds as 
follows: 125, 250, 375, 500, 625, 750, 875, 000, 125, 250, etc. What can be 
the cause of this malfunction? 


Refer to the up/down counter of Figure 7-18. Describe how each of the 
following circuit faults will affect the count-up and count-down opera- 
tions. 

(a) AND gate 4 output is internally shorted to Vcc. 

(b) A solder bridge is shorting AND gate 1 output to ground. 


A technician runs a test on the timer circuit of Figure 7-62 and records the 
results shown in Table 7-8. Examine the recorded data and determine the 
possible causes of the faulty operation. 


A technician wires up the counter circuit of Figure 7-60. He applies an ac- 
curate 8.64-kpps signal to the input and measures a frequency of 54 pps at 
X instead of the expected 60 pps. What is the most probable wiring error 
that he made? 


CHAPTER 7 / PROBLEMS 


38 1 


Table 7-8 
$3 S4_—‘Timer Output(s) _ 
BY 3 


DRILL QUESTION 


7-58. For each of the following statements, indicate the type(s) of counter being 

described. 

(a) Each FF is clocked at the same time. 

(b) Each FF divides the frequency at its CLK input by 2. 

(c) The counting sequence is 111, 110, 101, 100, 011, 010, 001, 000. 

(d) The counter has 10 distinct states. 

(e) The total switching delay is the sum of the individual FFs’ delays. 

(f) This counter requires no decoding logic. 

(g) The MOD number is always twice the number of FFs. 

(h) This counter divides the input frequency by its MOD number. 

(Gi) This counter can begin its counting sequence at any desired starting 
state. 

G) This counter can count in either direction. 

(k) Can suffer from decoding glitches. 

(1) Counts from 0 to 9. 

(m) Can be designed to count through arbitrary sequences by determining 
logic needed at each flip-flop’s Jand K input. 


MICROCOMPUTER APPLICATION 


ss 7-59. A microprocessor that is used in a control application must often control 

| . - the timing of external events such as the turning on and off of devices like 
solenoids, motors, and relays. Such actions can be timed using software 
by repetitively executing a program loop a specific number of times. This, 
however, places a heavy burden on the MPU, since it can’t do anything 
else while it is executing the loop over and over. For this reason, most 
timed intervals are usually generated by hardware which is under control 
of the MPU. In other words, the MPU will send data to the hardware to tell 
it how long a time interval to generate. 

In Problem 7-18 we saw how the 74193 IC could be used in a timer 
circuit (Figure 7-62) to generate accurate time intervals corresponding to 
the binary data from four switches. This circuit can be modified so that the 
binary data come from an MPU instead of the switches. In Section 5-20 we 
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saw how an MPU could transfer data to an external device using its ad- 
dress, data, and clock outputs (Figure 5-50). 

Show how to combine these two circuits so that the timer output X 
will generate a HIGH level for a time interval Gin seconds) equal to the bi- 
nary number which the MPU presets into the 74193 counter. You can 
eliminate any circuitry that is not needed. Assume the MPU’s CP signal is a 
1-MHz square wave. Remember that PZ is an asynchronous input. 


ANSWERS TO SECTION REVIEW QUESTIONS 


SECTION 7-1 

1. False 2. OOOO 

SECTION 7-2 

1. D, Cand A 2. True, since a BCD 
counter has 10 distinct states. 

3. 5 kHz 

SECTION 7-3 

1, 250 Hz 2. fin/60 3. 4096 


4. The counter is MOD-64 and divides the 
frequency by 64. 


SECTION 7-4 


1. In an up counter, the count is 
increased by 1 with each clock pulse; in a 
down counter, the count is decreased by 1 
with each pulse. 

2. The inverted output of each FF is 
connected to the CZK input of the 
following FF. 


SECTION 7-5 

1. Each FF adds its propagation delay to 
the total counter delay in response to a 
clock pulse. 2. MOD-256 

SECTION 7-6 


1. Can operate at higher clock 
frequencies, and has more complex 


circuitry 2. Six FFs and four AND 
gates 
SECTION 7-8 


1. They can be preset to any desired 
starting count. 2. Asynchronous 
presetting is independent of the clock 
input, while synchronous presetting 


occurs on the active edge of the clock 
signal. 


SECTION 7-9 


1. When PZ is pulsed LOW, the counter is 
preset to the binary number present at 
inputs Po to Ps. 2. A HIGH at MR 
overrides all other inputs to reset counter 
to 0000. 3. True 4. 1,1, 0, 
respectively 5. 010 65,52> 


SECTION 7-10 


1. See appropriate text. 2. (a) Up- 
counter operation (b) This input is 
ANDed with any other input or output 
that has a “4” in its label. (c) This 
input controls the effect of any inputs that 
have “5” in their label. (d) Data input 
that is controlled by input labeled C5 


SECTION 7-11 


1. A 6-input NAND gate with inputs A, B, 
C, D, Eand F 


SECTION 7-12 


1. The glitches would be caused by the 
FFs’ changing states one at a time during 
counter state transitions. 2. The strobe 
signal inhibits the decoding gates until all 
FFs have completed their transitions. 


SECTION 7-14 


L. See text, 2. It shows the necessary 
levels at Jand K to produce every 
possible FF state transition. 3. It 
shows the necessary levels at each flip- 
flop’s Jand K input to produce the 
counter’s state transitions. 4. True 
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SECTION 7-15 


1. Ring counter 2. Johnson counter 
3. The inverted output of the last FF is 
connected to the input of the first FF. 
4.(a) False (b) True (c) True 


SECTION 7-16 


1. 1 ms 2. Counter cleared; counter 
counts pulses during sample interval; 
counter stops and holds count for display 
3. A ring counter uses more FFs than a 
Johnson counter. 


SECTION 7-17 


1. Pulse shaper, frequency divider, 
seconds counter and display, minutes 
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counter and display, hours counter and 
display 2. To change the NGT from 
the MINUTEs section to a PGT needed by 
the 74192 


SECTION 7-18 TO SECTION 7-22 


1. Parallel in/serial out 2. True 

3. Serial in/parallel out 4. Serial 
in/serial out 5. The 74165 uses 
asynchronous parallel data transfer; the 
74178 uses synchronous. 


SECTION 7-23 


1. It separates the two indicated functions 
performed by that input. 2. SRG 64 
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Upon completion of this chapter, you will be able to: 
m Read and understand digital IC terminology as specified in manufacturers’ 
data sheets. 
m Compare the characteristics of standard TTL and the various TTL series. 
m Determine the fan-out for a particular logic device. 
m Use logic devices with open-collector outputs. 
m Analyze circuits containing tristate devices. 
m Compare the characteristics of the various CMOS series. 
m Analyze circuits which use a CMOS bilateral switch. 


m Describe the major characteristics and differences among TTL, ECL, MOS, 
and CMOS logic families. 


m Cite and implement the various considerations that are required when in- 
terfacing digital circuits from different logic families. 


m Use a logic pulser and current tracer as digital circuit troubleshooting 
tools. 
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As we described in Chapter 4, digital IC technology has advanced rapidly from 
small-scale integration (SSD, with fewer than 12 gates per chip, through medium- 
scale integration (MSD, with 12 to 99 equivalent gates per chip, and on to large- 
scale and very large-scale integration (LSI and VLSI, which can have tens of thou- 
sands of gates per chip and, most recently, to ULSI with over 100,000 gates per 
chip. 

Most of the reasons that modern digital systems use integrated circuits are 
obvious. ICs pack a lot more circuitry in a small package, so that the overall size of 
almost any digital system is reduced. The cost is dramatically reduced because of 
the economies of mass-producing large volumes of similar devices. Some of the 
other advantages are not so apparent. 


ICs have made digital systems more reliable by reducing the number of ex- 
ternal interconnections from one device to another. Before we had ICs, every cir- 
cuit connection was from one discrete component (transistor, diode, resistor, etc.) 
to another. Now most of the connections are internal to the ICs, where they are 
protected from poor soldering, breaks or shorts in connecting paths on a circuit 
board, and other physical problems. ICs have also drastically reduced the amount 
of electrical power needed to perform a given function, since their miniature cir- 
cuitry typically requires less power than their discrete counterparts. In addition to 
the savings in power-supply costs, this reduction in power has also meant that a 
system does not require as much cooling. 

There are some things that ICs cannot do. They cannot handle very large 
currents or voltages because the heat generated in such small spaces would cause 
temperatures to rise beyond acceptable limits. In addition, ICs cannot easily imple- 
ment certain electrical devices such as inductors, transformers, and large capaci- 
tors. For these reasons, ICs are principally used to perform low-power circuit oper- 
ations that are commonly called information processing. The operations that 
require high power levels or devices that cannot be integrated are still handled by 
discrete components. 

With the widespread use of ICs comes the necessity to know and understand 
the electrical characteristics of the most common IC logic families. Remember that 
the various logic families differ in the major components that they use in their cir- 
cuitry. TTL and ECL use bipolar transistors as their major circuit element, PMOS, 
NMOS, and CMOS use unipolar MOSFET transistors as their principal component. 
In this chapter we will present the important characteristics of each of these IC 
families and their subfamilies. Once these are understood, you will be much better 
prepared to do analysis, troubleshooting, and some design of digital circuits that 
contain any combination of IC families. 


8-1 DIGITAL IC TERMINOLOGY 


Although there are many digital IC manufacturers, much of the nomenclature and 
terminology is fairly standardized. The most useful terms are defined and dis- 
cussed below. 


Current and Voltage Parameters (see Figure 8-1) 


VinGmin)—High-Level Input Voltage The minimum voltage level required for 
a logical 1 at an input. Any voltage below this level will not be accepted as 
a HIGH by the logic circuit. 

Vu.Gnax)—Low-Level Input Voltage The maximum voltage level required for 
a logic 0 at an input. Any voltage above this level will not be accepted as a 
LOW by the logic circuit. 

VonGnin)—High-Level Output Voltage The minimum voltage level at a logic 
circuit output in the logical 1 state under defined load conditions. 

VorGnax)—Low-Level Output Voltage The maximum voltage level at a logic 
circuit output in the logical 0 state under defined load conditions. 
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HIGH LOW 
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Figure 8-1 Currents and voltages in the two logic states. 
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Inn—High-Level Input Current The current that flows into an input when a 
specified high-level voltage is applied to that input. 


In—Low-Level Input Current The current that flows into an input when a 
specified low-level voltage is applied to that input. 


Ioun—High-Level Output Current The current that flows from an output in the 
logical 1 state under specified load conditions. 


Io1:— Low-Level Output Current The current that flows from an output in the 
logical 0 state under specified load conditions. 


Note: The actual current directions may be opposite to those shown depend- 
ing on the logic family. As we shall soon see, the directions for A, and Jor will 
change for logic families that use current-sinking action. 


Fan-Out In general, a logic-circuit output is required to drive several logic 
inputs. The fan-out (also called loading factor) is defined as the maximum num- 
ber of standard logic inputs that an output can drive reliably. For example, a logic 
gate that is specified to have a fan-out of 10 can drive 10 standard logic inputs. If 
this number is exceeded, the output logic-level voltages cannot be guaranteed. 


Propagation Delays A logic signal always experiences a delay in going 
through a circuit. The two propagation delay times are defined as 


@ fppn: delay time in going from logical 0 to logical 1 state (LOW to HIGH) 
m@ fpu: delay time in going from logical 1 to logical 0 state CHIGH to LOW) 


Figure 8-2 illustrates these propagation delays for an INVERTER. Note that fu is 
the delay in the output’s response as it goes from HIGH to LOW. It is measured 
between the 50 percent points on the input and output transitions. The fry value 
is the delay in the output’s response as it goes from LOW to HIGH. 

In general, fH, and fry are not the same value, and both will vary depend- 
ing on capacitive loading conditions. The values of propagation times are used as 
a measure of the relative speed of logic circuits. For example, a logic circuit with 
values of 10 ns is a faster logic circuit than one with values of 20 ns under speci- 
fied load conditions. 
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Figure 8-2. Propagation delays. 
Power Requirements Every IC requires a certain amount of electrical 


power to operate. This power is supplied by one or more power-supply voltages 
connected to the power pin(s) on the chip. Usually there is only one power-supply 
terminal on the chip, and it is labeled Vec (for TTL) or Vop (for MOS devices). 

The amount of power that an IC requires is determined by the current, JIcc, 
that it draws from the Vcc supply, and the actual power is the product Icc X Vec. 
For many ICs the current drain on the supply will vary depending on the logic 
states of the circuits on the chip. For example, Figure 8-3(a) shows a NAND chip 


Figure 8-3 loecu and Tec. 


+ Vec 


| locH 
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where all the gate outputs are HIGH. The current drain on the Vcc supply for this 
case is called Iccy. Likewise, Figure 8-3(b) shows the current drain when ai// the 
gate outputs are LOW. This current is called Ject. 

In general, Jecu and Iccy will be different values. The average current is com- 
puted based on assuming that gate outputs will be LOW half the time and HIGH 
half the time. 


lec Vv ICCh, 
Z 
This can be used to calculate average power drain as 


Pr(avg) = Icclavg) X Voc 


Iec(avg) = 


Speed—Power Product Digital IC families have historically been charac- 
terized for both speed and power. It is generally more desirable to have shorter 
gate propagation delays Chigher speed) and lower values of power dissipation. As 
we shall soon see, the various logic families and subfamilies provide a wide spec- 
trum of speed and power ratings. A common means for measuring and comparing 
the overall performance of an IC family is the sbeed—power product, which is ob- 
tained by multiplying the gate propagation delay by the gate power dissipation. 
For example, suppose an IC family has an average propagation delay of 10 ns and 
an average power dissipation of 5 mW. The speed—power product is 
10 ns X 5 mW = 50 X 10°}? watt-second 
= 50 picojoules (p)) 

Note that when propagation delay is in nanoseconds and power is in milliwatts, 
the speed—power product is in picojoules. 

Clearly, a low value of speed—power product is desirable. IC designers are 
continually striving to reduce the speed—power product by increasing the speed of 
an IC (.e., reducing propagation delay) or by decreasing its power dissipation. Be- 
cause of the nature of transistor switching circuits, it is difficult to do both. 


Noise Immunity Stray electric and magnetic fields can induce voltages on 
the connecting wires between logic circuits. These unwanted, spurious signals are 
called noise and can sometimes cause the voltage at the input to a logic circuit to 
drop below VinGmin) or rise above Vii(max), which could produce unpredictable 
operation. The noise immunity of a logic circuit refers to the circuit’s ability to tol- 
erate noise without causing spurious changes in the output voltage. A quantitative 
measure of noise immunity is called noise margin, illustrated in Figure 8-4. 

Figure 8-4(a) is a diagram showing the range of voltages that can occur at a 
logic-circuit output. Any voltages greater than Von(min) are considered a logic 1, 
and any voltages lower than Vo.(max) are considered a logic 0. Voltages in the in- 
determinate range should not appear at a logic circuit output under normal condi- 
tions. Figure 8-4(b) shows the voltage requirements at a logic circuit input. The 
logic circuit will respond to any input greater than Vidmin) as a logic 1, and will 
respond to voltages lower than Vi(max) as a logic 0. Voltages in the indeterminate 
range will produce an unpredictable response and should not be used. 

The high-state noise margin Vyu is defined as 


Van = Von(min) — VinGmin) (8-1) 


as illustrated in Figure 8-4. Vx is the difference between the lowest possible 
HIGH output and the minimum input voltage required for a HIGH. When a HIGH 
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Figure 8-4 DC noise margins. 


logic output is driving a logic-circuit input, any negative noise spikes greater than 
Vxn appearing on the signal line can cause the voltage to drop into the indetermi- 
nate range, where unpredictable operation can occur. 

The low-state noise margin Vyz is defined as 


Var = Vatmax) — Vor(max) (8-2) 


and it is the difference between the largest possible LOW output and the maxi- 
mum input voltage required for a LOW. When a LOW logic output is driving a 
logic input, any positive noise spikes greater than Vx; can cause the voltage to rise 
into the indeterminate range. 


EXAMPLE 8-1 


The input/output voltage specifications for the standard TTL family are listed in 
Table 8-1. Use these values to determine: 


(a) The maximum-amplitude noise spike that can be tolerated when a HIGH 
output is driving an input. 


Table 8-1 
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(b) The maximum-amplitude noise spike that can be tolerated when a LOW out- 
put is driving af) input. 


Solution 


(a) When an output is HIGH, it may be as low as Von(min) = 2.4 V. The mini- 
mum voltage that an input will respond to as a HIGH is ViyGmin) = 2.0 V. A 
negative noise spike can drive the actual voltage below 2.0 V if its amplitude 
is greater than 


Vau = VonGmin) — VinCmin) 
=247V—20V=04V 


(b) When an output is LOW, it may be as high as Vo.(max) = 0.4 V. The maxi- 
mum voltage that an input will respond to as a LOW is ViGmax) = 0.8 V. A 
positive noise spike can drive the actual voltage above the 0.8-V level if its 
amplitude is greater than 


Var = Vidmax) — Vo_rGnax) 
=O08V—-—04V=04V 


Invalid Voltage Levels For proper operation the input voltage levels to a 
logic circuit must be kept outside the indeterminate range shown in Figure 8-4(b); 
that is, they must either be lower than Va(max) or higher than VinGmin). For the 
standard TTL specifications given in Example 8-1, this means that the input voltage 
must be less than 0.8 V or greater than 2.0 V. An input voltage between 0.8 and 
2.0 V is considered an invalid voltage that will produce an unpredictable output 
response, and so must be avoided. In normal operation a logic input voltage will 
not fall into the invalid region because it comes from a logic output that is within 
the stated specifications. However, when this logic output is malfunctioning or is 
being overloaded (i.e., its fan-out is being exceeded), then its voltage may be in 
the invalid region. It is important to know the valid voltage ranges for the logic 
family being used so that invalid conditions can be recognized when testing or 
troubleshooting. 


Current-Sourcing and Current-Sinking Action Logic families can 
be described according to how current flows between the output of one logic cir- 
cuit and the input of another. Figure 8-5(a) illustrates current-sourcing action. 
When the output of gate 1 is in the HIGH state, it supplies a current fy to the 
input of gate 2, which acts essentially as a resistance to ground. Thus, the output 
of gate 1 is acting as a source of current for the gate 2 input. We can think of it as 
being like a faucet that acts as a source of water. 

Current-sinking action is illustrated in Figure 8-5(b). Here the input circuitry 
of gate 2 is represented as a resistance tied to +Vcc, the positive terminal of a 
power supply. When the gate 1 output goes to its LOW state, current will flow in 
the direction shown from the input circuit of gate 2 back through the output resis- 
tance of gate 1 to ground. In other words, in the LOW state the circuit output that 
drives the input of gate 2 must be able to sink a current, f,, coming from that 
input. We can think of this as acting like a sink into which water is flowing. 

The distinction between current sourcing and current sinking is an important 
one which will become more apparent as we examine the various logic families. 
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Figure 8-5 Comparison of current-sourcing and current-sinking actions. 


IC Packages Developments and advancements in integrated circuits con- 
tinue at a rapid pace. The same is true of IC packaging. There are a variety of 
types of packages, which differ as to physical size, the environmental and power- 
consumption conditions under which the device can be operated reliably, and the 
way in which the IC package is mounted to the circuit board. Figure 8-6 shows 
three representative IC packages. 

The package in Figure 8-6(a) is the DIP (dual-in-line package), which has 
been around for a long time. Its pins (or leads) run down the two long sides of 
the rectangular package. The device shown is a 24-pin DIP. Note the presence of 
the notch on one end which is used to locate pin 1. Some DIPs use a small dot 
on the top surface of the package to locate pin 1. The leads extend straight out 
of the DIP package so that the IC can be plugged into an IC socket or inserted 


load gate in HIGH state. 


load gate in LOW state. 


Figure 8-6 Common IC packages: (a) 24-pin DIP; (b) 16-pin surface-mount package; (c) 28-pin J-lead sur- 


face-mount package. 


Notch Pins on all 
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into holes drilled through a printed circuit board. The spacing between pins is 
typically 100 mils (a mil is a thousandth of an inch). 

Figure 8-6(b) is a surface-mount package and is similar to a DIP except that 
its pins are bent (sort of like “gull’s wings”) so that the leads can be soldered to 
conductive pads on the surface of a circuit board. Surface-mount packages are 
generally smaller than DIPs because the pins can be made smaller and less rugged 
since they do not have to be pushed into sockets. The pin spacing may be as 
small as 50 mils or even 25 mils for the more complex devices (LSI, VLSI, etc.). 
Note how pin 1 is located with respect to the beveled edge of the package. 

The package in Figure 8-0(c) is a J-lead surface-mount package. It is square- 
shaped and has leads along all four sides of the package. The leads are bent under 
the package in the shape of the letter “J” for soldering to conductive pads on the 
circuit board surface. Note how pin 1 is located with respect to the beveled edge 
of the package. 


REVIEW QUESTIONS 


1. Define each of the following: Vou, a Jou, fu, foun, teu, TIocr, Iccu. 


2. True or false: If a logic circuit has a fan-out of 5, the circuit has ve out- _ 
puts. | . _ 

3. True or false: The HIGH-state noise margin | is the difference between ae 
VieGnin) and Vec. i | 


4. True or false: A logic family with eee = 12 ns nd eae 151 mW : 
has a greater speed—power product than one with 8 ns and 30 mW. _ 


. Describe the difference between current sinking and current sourcing. 
. Which IC package can be plugged into sockets? 

. Which package has leads bent under the IC? 

. How do surface-mount packages differ from DIPs? 

. Will a standard TTL device work with an input level of 17 | 


Oo MANN Ww 


8-2 THETTL LOGIC FAMILY 


At this writing, the TTL family is still used in new products in the form of small- to 
medium-scale ICs (SSI and MSD that serve as “glue” logic that connects the more 
complex devices in digital systems. The current trend, however, indicates a decline 
in the use of TTL as CMOS takes over. For example, in a recent survey of new med- 
ical equipment it was clear that the 74HC and 74HCT series of CMOS devices was 
replacing the 74LS TTL series. The basic TTL logic circuit is the NAND gate. Its de- 
tailed circuit diagram, shown in Figure 8-7(a), has several distinctive characteristics. 
First, note that transistor Q; has two emitters; thus, it has two emitter—-base (E-B) 
junctions that can be used to turn Q; on. This multiple-emitter input transistor can 
have up to eight emitters for an eight-input NAND gate. 

Also note that on the output side of the circuit, transistors O3 and Q, are ina 
totem-pole arrangement. As we will see shortly, in normal operation either Q3 or 
Q, will be conducting, depending on the logic state of the output. 
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(a) (b) 
Figure 8-7 (a) Basic TTL NAND gate; (b) diode equivalent for Qy. 


Circuit Operation—LOW State Although this circuit looks extremely 
complex, we can simplify its analysis somewhat by using the diode equivalent of 
the multiple-emitter transistor Q; as shown in Figure 8-7(b). Diodes D2 and D3 
represent the two E-B junctions of Q, and D, is the collector—base (C-B) junction. 
In the following analysis we will use this representation for Q). 

First, let’s consider the case where the output is LOW. Figure 8-8(a) shows this 
situation with inputs A and B both at +5 V. The +5 V at the cathodes of D2 and D3 
will turn these diodes off and they will conduct almost no current. The +5 V supply 
will push current through Rk, and D, into the base of Q2, which turns on. Current 
from Q2’s emitter will flow into the base of Qy and turn Q; on. At the same time, the 
flow of Q2 collector current produces a voltage drop across R2 that reduces Qy’s col- 
lector voltage to a low value that is insufficient to turn Q3 on. 

The voltage at Q2’s collector is shown as approximately 0.8 V. This is because 
Q2’s emitter is at 0.7 V relative to ground due to Q;’s E-B forward voltage, and Q2’s 
collector is at 0.1 V relative to its emitter due to Vcz(sat). This 0.8 V at Q3’s base is 
not enough to forward-bias both Q3’s E-B junction and diode Dy. In fact, D; is 
needed to keep Qs off in this situation. 

With OQ, on, the output terminal, X, will be at a very low voltage, since Q;’s 
on-state resistance will be low (1 to 25 Q). Actually, the output voltage, Vor, will 
depend on how much collector current Q; conducts. With Q3 off, there is no cur- 
rent coming from the +5 V terminal through R4. As we shall see, Q,’s collector cur- 
rent will come from the TTL inputs that terminal X is connected to. 

It is important to note that the HIGH inputs at A and B will have to supply 
only a very small diode leakage current. Typically, this current Jy is only around 
10 wA at room temperature. 
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(b) | HIGH output 


Figure 8-8 TTL NAND gate in its two output states. 


Circuit Operation—HIGH State 


Output 
conditions 


Input 
conditions 


A and B are 
both HIGH 
(>2 V) 


Qg OFF 


Input currents Q, ON so 
are very low that Vy is 
iH = 10 pA LOW ( $0.4 V) 


Input Output 
conditions conditions 
A or B or both 
are LOW Q, OFF 
(<0.8 V) 
Current flows back | Q3 acts as 


emitter-follower 
and VoH 2 24 V, 
typically 3.6 V 


to ground through | - 
LOW input terminal.| 
Il, = 1.1 mA . 


Figure 8-8(b) shows the situation 


where the circuit output is HIGH. This situation can be produced by connecting 
either or both inputs LOW. Here, input B is connected to ground. This will for- 
ward-bias D3 so that current will flow from the +5-V source terminal, through Rk; 
and D3, and through terminal B to ground. The forward voltage across D3 will hold 
point Y at approximately 0.7 V. This voltage is not enough to forward-bias Dy and 
the E-B junction of Q2 sufficiently for conduction. 
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With Q2 off, there is no base current for Q,, and it turns off. Since there is no 
Q2 collector current, the voltage at Q3’s base will be large enough to forward-bias 
QO3 and D,, so that Q3 will conduct. Actually, Q3 acts as an emitter follower, be- 
cause output terminal X is essentially at its emitter. With no load connected from 
point X to ground, Vou will be around 3.4 to 3.8 V, because two 0.7-V diode drops 
(E-B of Q3, and D,) subtract from the 5 V applied to Q3’s base. This voltage will 
decrease under load because the load will draw emitter current from Q3, which 
draws base current through R2, thereby increasing the voltage drop across R2. 

It’s important to note that there is a substantial current flowing back through 
input terminal B to ground. This current, fi, is typically around 1.1 mA. The LOW 
B input acts as a sink to ground for this current. 


Current-Sinking Action A TTL output acts as a current sink in the LOW 
state in that it receives current from the input of the gate it is driving. Figure 8-9 
shows one TTL gate driving the input of another gate (the load) for both output 
voltage states. In the output LOW state situation depicted in Figure 8-9(a), transis- 
tor Qi of the driving gate is on and essentially “shorts” point X to ground. This 
LOW voltage at X forward-biases the emitter—-base junction of Q; and current 
flows, as shown, back through Qy. Thus, Q; is performing a current-sinking action 
that derives its current from the input current ({.) of the load gate. We will often 
refer to Q; as the current-sinking transistor or as the pull-down transistor be- 
cause it brings the output voltage down to its LOW state. 


Current-Sourcing Action A TTL output acts as a current source in the 
HIGH state. This is shown in Figure 8-9(b), where transistor Q3 is supplying the 


Figure 8-9 (a) When TTL output is in LOW state, Q, acts as a current sink deriving its current from the 
load; (b) in the output HIGH state, Q3 acts as a current source providing current to the load gate. 
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input current, fin, required by the Q, transistor of the load gate. As stated above, 
this current is a small reverse-bias leakage current (typically 10 wA). We will often 
refer to Q3 as the current-sourcing transistor or pull-up transistor. 


Totem-Pole Output Circuit Several points should be mentioned con- 
cerning the totem-pole arrangement of the TTL output circuit, as shown in Figure 
8-9, since it is not readily apparent why it is used. The same logic could be accom- 
plished by eliminating Q3 and D; and connecting the bottom of FR, to the collector 
of Q,. But this would mean that Q; would conduct a fairly heavy current in its sat- 
uration state (5 V/130 Q ~ 40 mA). With Q3 in the circuit, there will be no current 
through R, in the output LOW state. This is important because it keeps the circuit 
power dissipation down. 

Another advantage of this arrangement occurs in the output HIGH state. 
Here Q3 is acting as an emitter follower with its associated low output impedance 
(typically 10 Q). This low output impedance provides a short time constant for 
charging up any capacitive load on the output. This action (commonly called ac- 
tive pull-up) provides very fast rise-time waveforms at TTL outputs. 

A disadvantage of the totem-pole output arrangement occurs during the tran- 
sition from LOW to HIGH. Unfortunately, Q; turns off more slowly than Q3; turns 
on, and so there is a period of a few nanoseconds during which both transistors 
are conducting and a relatively large current (30 to 40 mA) will be drawn from the 
5-V supply. This can present a problem that will be examined later. 


TTL NOR Gate Figure 8-10 shows the internal circuit for a TTL NOR gate. 
We will not go through a detailed analysis of this circuit, but it is important to note 
how it compares to the NAND circuit of Figure 8-8. On the input side, we can see 
that the NOR circuit does not use a multiple-emitter transistor; instead, each input is 
applied to the emitter of a separate transistor. On the output side, the NOR circuit 
uses the same totem-pole arrangement as the NAND circuit. 


Summary All TTL circuits have a similar structure. NAND and AND gates 
use multiple-emitter transistor inputs; NOR and OR gates use separate input tran- 


Figure 8-10 TTL NOR gate circuit. 


Input A 


Input B 
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sistors. In either case, the input will be the cathode (N-region) of a P-N junction, 
so that a HIGH input voltage will turn off the junction and only a small leakage 
current (1) will flow. Conversely, a LOW input voltage turns on the junction and 
a relatively large current ({j,) will flow back through the signal source. Most, but 
not all, TTL circuits will have some type of totem-pole output configuration. There 
are some exceptions that will be discussed later. 


REVIEW QUESTIONS 


1. True or false: A TTL output acts as a current sink in the LOW state. 

2. In which TTL input state does the largest amount of input current flow? 
3. State the advantages and disadvantages of a totem-pole output. 

4, Which TTL transistor is the pull-up transistor in the NAND circuit? 

5. Which TTL transistor is the pull-down transistor in the NOR circuit? 

6. How does the TTL NOR circuit differ from the NAND circuit? 


GO-3 STANDARD TTL SERIES CHARACTERISTICS 


In 1964 Texas Instruments Corporation introduced the first line of standard TTL 
ICs. The 54/74 series, as it is called, has been one of the most widely used IC logic 
families. We will simply refer to it as the 74 series, since the major difference be- 
tween the 54 and 74 versions is that devices in the 54 series can operate over a 
wider range of temperatures and power-supply voltages. Many semiconductor 
manufacturers now produce TTL ICs. Fortunately, they all use the same numbering 
system, so that the basic IC number is the same from one manufacturer to another. 
Each manufacturer, however, usually attaches its own special prefix to the IC num- 
ber. For example, Texas Instruments uses the prefix SN, National Semiconductor 
uses DM, and Signetics uses S. Thus, depending on the manufacturer, you may see 
a quad NOR-gate chip labeled as a DM7402, SN7402, $7402 or some other similar 
designation. The important part is the number 7402, which is the same for all man- 
ufacturers. 

As we learned in Chapter 4, there are several series in the TTL family of logic 
devices (74, 74LS, 74S, etc.). We first examine the electrical characteristics of the 
standard 74 series. Later we introduce the other TTL series and compare their char- 
acteristics with those of the standard series. 


Manufacturers’ Data Sheets To illustrate the characteristics of the 
standard TTL series, we use the 7400 quad NAND-gate IC. We can find all of the 
information we need on any IC by consulting the manufacturer’s data manual for 
that particular IC family. Figure 8-11 is the manufacturer’s data sheet for the 
5400/7400 NAND gate IC showing the recommended operating conditions, electri- 
cal characteristics, and switching characteristics. Most of the quantities discussed in 
the following paragraphs in this section can be found on this data sheet. As we 
discuss each quantity, you should refer to this data sheet to see where the infor- 
mation came from. 
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Recommended operating conditions 


SN5400 SN7400 UNIT 
MIN NOM MAX}MIN NOM MAX 


ce. Supply voltage 4. 5 65/475 5 5.25] V | 
16 


i4_High-Jevel input voltage s/s 
Vi_Low-level input voltage es es -2 
lon__High-level output current 
lo, Low-level output current P68 fF mA 
Ty Operating free-air temperature 


Electrical characteristics over recommended operating free-air temperature range (unless otherwise noted) 


PARAMETER TEST CONDITIONST a Sus U 
Vik 


MIN TYP£ MAX]MIN TYP MAX 


Vic ec IN = 12 A 
Vis 08V, gua mA 


VoL ? Vig a7 V, lop = 16 MA 


; Vi=2.4V 
i= 0.4 V 


Voo= MAX, _Vj= 4.5 


t For conditions shown as MIN or MAX, use the appropriate value specified under recommended operating conditions. 
All typical values are at Voc = OV, Ta = 25°C. 
§ Not more than one output should be shorted at a time. 


Switching characteristics, Vec = 5 V, TA = 25°C (see note 2) 


FROM TO 
PARAMETER (INPUT) (OUTPUT) TEST CONDITIONS MIN TYP = MAX |UNIT 


122 | ns 
; AorB ¥ R, = 400 Q Cy = 15 pF pins | 


NOTE 2: See General Information Section for load circuits and voltage waveforms. 


Figure 8-11 Data sheet for 7400 NAND-gate IC. (Courtesy of Texas Instruments) 


Supply Voltage and Temperature Range Both the 74 series and 54 
series use a nominal supply voltage (Vcc) of 5 V. The 74 series will operate reliably 
over the range 4.75 to 5.25 V, while the 54 series can tolerate a supply variation of 
4.5 to 5.5 V. The 74 series is designed to operate properly in ambient temperatures 
ranging from 0 to 70°C, while the 54 series can handle —55 to +125°C. Because of 
its greater tolerance of voltage and temperature variations, the 54 series is more 
expensive. It is employed only in applications where reliable operation must be 
maintained over an extreme range of conditions. Examples are military and space 
applications. 


Voltage Levels The input and output logic voltage levels for the standard 
74 series can be found on the data sheet of Figure 8-11. Table 8-2 presents them in 
summary form. The minimum and maximum values shown are for worst-case con- 
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Table 8-2 Standard 74 Series Voltage Levels 


Minimum Typical Maximum 
Vo. — 0.2 0.4 
Vou 2.4 3.4 = 
Vi = — 0.8 
Vin 2.0 oe — 


ditions of power supply, temperature, and loading conditions. Inspection of the 
table reveals a guaranteed maximum logical 0 output Vor = 0.4 V, which is 400 mV 
less than the logical 0 voltage needed at the input Vz = 0.8 V. This means that the 
guaranteed LOW-state dc noise margin is 400 mV. That is, 

VNL = Vicmax) —_ Vo_(max) =0.8V—- 0.4 V= 0.4 V= 400 mV 
Similarly, the logical 1 output Von is a guaranteed minimum of 2.4 V, which is 


400 mV greater than the logical 1 voltage needed at the input Vin = 2.0 V. Thus, 
the HIGH-state dc noise margin is 400 mV. 


Van = VonGmnin) — VieGmin) = 2.4 V — 2.0 V = 0.4 V = 400 mV 
Thus, the guaranteed worst-case dc noise margins for the 74 series are both 400 mV. 


Maximum Voltage Ratings The voltage values in Table 8-2 do not in- 
clude the absolute maximum ratings beyond which the useful life of the IC may be 
impaired. The voltages applied to any input of a standard 74 series IC must never 
exceed +5.5 V. A voltage greater than +5.5 V applied to an input emitter can 
cause reverse breakdown of the E-B junction of Q1. 

There is also a limit on the maximum negative voltage that can be applied 
to a TTL input. This limit, —0.5 V, is caused by the fact that most TTL circuits 
employ protective shunt diodes on each input. These diodes were purposely left 
out of our earlier analysis, since they do not enter into the normal circuit opera- 
tion. They are connected from each input to ground to limit the negative input 
voltage excursions that often occur when logic signals have excessive ringing. 
With these diodes, we should not apply more than —0.5 V to an input, because 
the protective diodes would begin to conduct and draw substantial current, prob- 
ably causing the diode to short out, resulting in a permanently faulty input. 


Power Dissipation A standard TTL NAND gate draws an average power 
of 10 mW. This is a result of Jcech = 4 mA and Icc. = 12 mA, which produces 
Icc(avg) = 8 mA and Pol(avg) = 8 mA X5 V= 40 mW. This 40 mW is the total 
power required by all four gates on the chip. Thus, one NAND gate requires an 
average power of 10 mW. 


Propagation Delays The standard TTL NAND gate has typical propaga- 
tion delays of fptn = 11 ns and fpy, = 7 ns, which is an average propagation delay 
ipd(avg) of 9 ns. 


Fan-Out A standard TTL output can typically drive 10 standard TTL inputs. 
Some IC data sheets give the device’s fan-out explicitly, but this is not the case for 
the data sheet in Figure 8-11. Later we will see how the fan-out can be determined 
from the input and output current values given in Figure 8-11. 

Table 8-3 summarizes the characteristics of the standard 74 series NAND gate. 
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Table 8-3 Standard 74 Series Characteristics 


Noise margins (worst-case) Vat = Van = 400 mV 
Average power dissipation (basic gate) Pp = 10 mW 
_ Average propagation delay (basic gate) 9 ns 


_ Typical fan-out  . 10 


EXAMPLE 8-2 


Refer to the data sheet for the 7400 quad two-input NAND IC in Figure 8-11. De- 
termine the maximum average power dissipation and maximum average propaga- 
tion delay of a single gate. 


Solution 


Look under the electrical characteristics for the maximum Iccy and Icc, values. The 
values are 8 mA and 22 mA, respectively. The average Icc is therefore (8 + 22)/2 = 
15 mA. The average power is obtained by multiplying by Vcc. The data sheet indi- 
cates that these Jcc values were obtained when Vcc was at its maximum value 
(5.25 V for the 74 series). Thus we have 
Pp(avg) = 15 mA X 5.25 V = 78.75 mW 
as the power drawn by the complete IC. We can determine the power drain of one 
NAND gate by dividing this by 4: 
Pp(avg) = 19.7 mW per gate 
Since this average power drain was calculated using the maximum current and 
voltage values, it is the maximum average power that a 7400 NAND gate will draw 
under “worst-case” conditions. Designers often use worst-case values to ensure 
that their circuits will work under all conditions. 
The maximum propagation delays for a 7400 NAND gate are listed as 


Pry = 22 LIS, Put = 15 is 
so that the average propagation delay is 
22 15 
Lpalavg) = —. = 18.5 ns 


Again, this is a worst-case maximum possible average propagation delay. 


G-4 IMPROVED TTL SERIES 


The standard TTL series of ICs offers a wide variety of gates, FFs, and one-shots in 
the small-scale integration (SSD line, and counters, registers, decoders/encoders, 
arithmetic circuits, and many other logic functions in its medium-scale integration 
(MSI) line. The basic circuitry of the standard TTL series forms the central part of 
several other TTL series; but standard TTL (74 series) devices are rarely used in 
new system designs because of the improved performance of the newer TTL series 
that have been developed over the years. These other TTL series—often called 
“subfamilies’—provide a wide range of speed and power capabilities. 


74L and 74H Series The 74L and 74H series were developed to provide 
low-power and high-speed versions of TTL, respectively. Both have the same basic 
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circuit as the standard 74 series, but differences in circuit component values give 
these two series their different characteristics. Compared to the 74 series, the 74L 
series is a low-power version that consumes less power (1 mW) but at the expense 
of a much longer propagation delay (33 ns); the 74H series is a high-speed version 
that has a reduced propagation delay (6 ns) at the cost of higher power consump- 
tion (23 mW). Neither of these series are used in new circuit designs since their 
performance has been surpassed by the newer TTL series described below. 


Schottky TTL, 74S Series The 74, 74H, and 74L series all operate using 
saturated switching in which many of the transistors, when conducting, will be in 
the saturated condition. This operation causes a storage-time delay, &, when the 
transistors switch from ON to OFF, and limits the circuit’s switching speed. 

The 74S series reduces this storage-time delay by not allowing the transistor 
to go as deeply into saturation. It accomplishes this by using a Schottky barrier 
diode (SBD) connected between the base and collector of each transistor as 
shown in Figure 8-12(a). The SBD has a forward voltage of only 0.25 V. Thus, 
when the C-B junction becomes forward-biased at the onset of saturation, the SBD 
will conduct and divert some of the input current away from the base. This re- 
duces the excess base current and decreases the storage-time delay at turn-off. 

As shown in Figure 8-12(a), the transistor/SBD combination is given a special 
symbol. This symbol is used for all the transistors in the circuit diagram for the 
74500 NAND gate shown in Figure 8-12(b). This 74500 NAND gate has an average 
propagation delay of only 3 ns, which is twice as fast as the 74HOO. Note the pres- 
ence of shunt diodes D; and D; to limit negative input voltages. 


Figure 8-12 (a) Schottky-clamped transistor, (b) basic NAND gate in S-TTL series. (Courtesy of 


Fairchild, a Schlumberger company) 


Vec 


Schottky 
diode 


(a) (b) 
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Circuits in the 74S series also use smaller resistor values to help improve 
switching times. This increases the circuit average power dissipation to about 
20 mW, about the same as for 74H. The 74S circuits also use a Darlington 
pair (Q; and Q,4) to provide a shorter output rise time when switching from 
ON to OFF. 


Low-Power Schottky TTL, 74LS Series (LS-TTL) The 74LS series 
is a lower-powered, slower-speed version of the 74S series. It uses the Schottky- 
clamped transistor, but with larger resistor values than the 74S series. The larger re- 
sistor values reduce the circuit power requirement, but at the expense of an in- 
crease in switching times. 

A NAND gate in the 74LS series will typically have an average propagation 
delay of 9.5 ns and an average power dissipation of 2 mW. Since it has about the 
same switching speed as the standard TTL series at a much lower power require- 
ment, the 74LS series has become the mainstay of the TTL family, and it can be 
found in new designs that do not require maximum speed. However, as stated 
earlier, its leading position is being taken over by CMOS, particularly the 74HC 
and 74 HCT series. 


Advanced Schottky TTL, 74AS Series (AS-TTL) Recent innova- 
tions in integrated-circuit design have led to the development of two new im- 
proved TTL series: advanced Schottky (74AS) and advanced low-power Schottky 
(74ALS). The 74AS series provides a considerable improvement in speed over the 
74S series at a much lower power requirement. The comparison is shown in Table 
8-4 for a NAND gate in each series. This comparison clearly shows the advantage 
of the 74AS series. It is the fastest TTL series and its speed—power product is sig- 
nificantly lower than the 74S series. The 74AS has other improvements, including 
lower input current requirements (i, fn), that result in a greater fan-out than the 
74S series. 


Advanced Low-Power Schottky TTL, 74ALS Series This series of- 
fers an improvement over the 74LS series in both speed and power dissipation, as 
the numbers in Table 8-5 illustrate. The 74ALS series has the lowest speed—power 


Table 8-4 
: 745 «74S 
Propagation delay 3 ns 1.7 ns 
Power dissipation 20 mW 8 mW 
Speed—power product 60 pj 13.6 pJ 
Table 8-5 
74S 74ALS 
Propagation delay 95ns 4ns8 
Power dissipation 2mW 1.2 mW 
Speed—power product 19 pj 4.8 pj 
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product of all the TTL series and is very close to having the lowest gate power dis- 
sipation (74L has 1 mW). Its higher cost has kept it from displacing 74LS except in 
high-speed applications. 


74F-Fast TTL This is the newest TTL series. It uses a new integrated-cir- 
cuit fabrication technique to reduce interdevice capacitances to achieve reduced 
propagation delays. A typical NAND gate has an average propagation delay of 3 ns 
and a power consumption of 6 mW. ICs in this series are designated with the letter 
F in their part number. For instance, the 74F04 is a hex-inverter chip. These high- 
performance TTL series (74AS, 74ALS, 74F) serve rather small niches in the digital 
industry. 


Comparison of TTL Series Characteristics Table 8-6 gives the typ- 
ical values for some of the more important characteristics of each of the TTL se- 
ries. All of the performance ratings, except for maximum clock rate, are for a 
NAND gate in each series. The maximum clock rate is specified as the maximum 
frequency that can be used to toggle a J-K flip-flop. This gives a useful measure of 
the frequency range over which each IC series can be operated. 


EXAMPLE 8-3 


Use Table 8-6 to calculate the dc noise margins for a typical 74LS IC. How does 
this compare with the standard TTL noise margins obtained in Section 8-3? 


solution 
Vxu = VonGnin) — VipCmin) 
=2.7V-2.0 V 
= 0.7 V 


as compared with Vxy = 0.4 V for standard TTL. 
Vat = Vicmax) — Vo.tmax) 
=0.8V—-—05V 
= 0.3 V 
as compared with Vx, = 0.4 V for TTL. 


Table 8-6 Typical TTL Series Characteristics 


74. 743  74IS 7448  74ALS  -74F_ 


Performance ratings 


Propagation delay (ns) 9 a 95 Ly 4 a 
Power dissipation (mW) 10 20 Z 8 12 6 
Speed—power product (pJ) 90. 60 19 13.6 4.8 18 
Max. clock rate (MHz) 35 125 45 200 70 100 
Fan-out (same series) 10 20 20 40 20 33 
Voltage parameters 
Von(min) 2.4 aot 29) 2,5 2.5 25 
Vor(max) 0.4 0.5 05 0.5 0.4 0.5 
ViGnin) 2.0 2.0 20) 2.0 2.0 2.0 
VitGmax) 0.8 0.8 0.8 0.8 0.8 0.8 
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EXAMPLE 8-4 


Which TTL series can drive the most device inputs of the same series? 


Solution 


The 74AS series has the highest fan-out (40). This means that a 74AS0O0 NAND gate 
can drive 40 standard inputs of other 74AS devices. If we want to determine the 
number of inputs of a different TTL series that an output can drive, we will need 
to know the input and output currents of the two series. This will be dealt with in 
the next section. 


REVIEW QUESTIONS 


1. (a) Which TTL series is the best at high frequencies? 
(b) Which TTL series has the largest HIGH-state noise margin? 
(c) Which series have essentially become obsolete? 
(d) Which series use a special diode to reduce switching time? 


(e) Which series would be best for a battery-powered circuit operating 
at 10 MHz? 


2. Assuming the same cost for each, why should you choose to use a 
74ALS193 counter over a 74LS193 or 74AS193 in a circuit operating from a 
40-MHz clock? 


3. Identify the pull-up and pull-down transistors for the 74S circuit in Figure 
8-12. 


6-5 TTL LOADING AND FAN-OUT 


It is important to understand what determines the fan-out or load drive capability 
of an IC output. Figure 8-13(a) shows a standard TTL output in the LOW state con- 
nected to drive several standard TTL inputs. Transistor Q; is on and is acting as a 
current sink for an amount of current Jo, that is the sum of the A, currents from 
each input. In its on state, O,’s collector—emitter resistance is very small, but it is 
not zero, and so the current Jo, will produce a voltage drop Vor. This voltage must 
not exceed the Vor(max) limit of the IC. This limits the maximum value of Jo, and 
thus the number of loads that can be driven. 

To illustrate, suppose that the ICs are in the 74 series and each fy is 1.6 mA. 
From Table 8-6 we see that the 74 series has Vo.Gmax) = 0.4 Vand ViGnax) = 0.8 V. 
Let’s suppose further that Q; can sink up to 16 mA before its output voltage reaches 
Vor(max) = 0.4 V. This means that it can sink the current from up to 16 mA/1.6 mA = 
10 loads. If it is connected to more than 10 loads, its Jor will increase and cause Vo, to 
increase above 0.4 V. This is usually undesirable because it reduces the noise margin 
at the IC inputs [remember, Va, = Vi.Gmax) — Vo,Gmax)]. In fact, if Vor rises above 
Vicmax) = 0.8 V, it will be in the indeterminate range. 
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Figure 8-13 Currents when a TTL output is driving several inputs. 


A similar situation occurs in the HIGH state depicted in Figure 8-13(b). Here 
Q3 is acting as an emitter follower that is sourcing (supplying) a total current Joy 
that is the sum of the Ay currents of the different TTL inputs. If too many loads are 
being driven, this current Jon will become large enough to cause the voltage drops 
across 2, Q3’s emitter—base junction, and D,; to bring Vou below Vox(min). This 
too is undesirable since it reduces the HIGH-state noise margin and could even 
cause Von to go into the indeterminate range. 

What this all means is that a TTL output has a limit, /o.¢max), on how much 
current it can sink in the LOW state. It also has a limit, JoyGmax), on how much 
current it can source in the HIGH state. These output current limits must not be 
exceeded if the output voltage levels are to be maintained within their specified 
ranges. 


Determining the Fan-Out To determine how many different inputs an 
IC output can drive, you need to know the current drive capability of the output 
li.e., Jo.dmax) and Jon(max)] and the current requirements of each input G.e., Ar 
and Jy). This information is always presented in some form on the manufacturer’s 
IC data sheet. The following examples will illustrate one type of situation. 


EXAMPLE 8-)D 


How many 7400 NAND gate inputs can be driven by a 7400 NAND gate output? 


solution 


We will consider the LOW state first as depicted in Figure 8-14. Refer to the 7400 
data sheet in Figure 8-11 and find 


Jo,Gmax) = 16 mA 
AyGmax) = 1.6 mA 


+5 V 


+5 V 
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Figure 8-14 Example 8-5. 


This says that a 7400 output can sink a maximum of 16 mA and that each 7400 
input will source a maximum of 1.6 mA back through the driving gate’s output. 
Thus, the number of inputs that can be driven in the LOW state is obtained as 


I 
fan-out(LOW) = Jee 
iGnax) 


_ 16mA 
1.6 mA 
= 10 


(Note: The entry for f, is actually —1.6 mA. The negative sign is used to indicate 
that this current flows out of the input terminal; we can ignore this sign for our 
purposes here.) The HIGH state is analyzed in the same manner. Refer to the data 
sheet to find values for Jon and fn, ignoring any negative signs. 


Jon(max) = 0.4 mA = 400 wA 

u(max) = 40 pA 
Thus, the number of inputs that can be driven in the HIGH state is 
Jon(max) 


fan-out (HIGH) = 
Jty(max) 


_ 400 WA 
40 wA 
= 10 


These results indicate that the fan-out is 10 in both voltage states. Thus, the 7400 
NAND gate can drive up to 10 other 7400 NAND gates. If fan-out (LOW) and fan- 
out (HIGH) are not the same, as will sometimes occur, the fan-out is chosen as the 
smaller of the two. 


EXAMPLE 8-6 


Refer to the data sheet in Appendix II and determine how many 74ALS20 NAND 
gates can be driven by the output of another 74ALS20. 
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Solution 


The 74ALS20 data sheet gives the following values: 
JonGnax) = 0.4 mA = 400 wA 
Jo.Gnax) = 8 mA 
I(max) = 20 pA 
iy(max) = 0.1 mA 
Considering the HIGH state first, we have 


400 
fan-out (HIGH) = es = 20 
20 pA 
For the LOW state we have 
8 mA 
fan-out (LOW) = = 80 
0.1 mA 


In this case, the overall fan-out is chosen to be 20 since it is the lower of the two 
values. Thus, one 74ALS20 can drive 20 other 74ALS20 inputs. 


Unit Loads Some manufacturers specify the device input and output cur- 
rents in terms of a unit load (UL), where a unit load is defined as follows: 


40 A in the HIGH state 


1 unit load (UL) = ’ mA in the LOW state 


This simply means that when we talk about the HIGH state, UL is the same as 40 pA; 
when we talk about the LOW state, UL is the same as 1.6 mA. For example, if an IC is 
specified as having a fan-out of 10 UL in both states, this is the same as saying that 


JonGmax) = 10 X 40 wA = 400 A 
Jo.Gmax) = 10 X 1.6 mA = 16 mA 
Similarly, if an IC input is rated as 1 UL in both states, this is the same as saying that 
iy(max) = 1 X 40 pA = 40 pA 
AiGnax) = 1X 1.6mA=1.6 mA 


Table 8-7 gives the typical input and output factors for the various TTL series. 
These values are typical, and so there may be some variations, depending on the 


Table 8-7 TTL Series Loading Factors 


Input Loading (UL)* Fan-Out (UL)* 


TTL 

Series High Low High Low 
74 1 1 10 10 
74S L.25 1:25 a0 125 
74LS 0.5 = (0.25 10 5 
74AS 0.5 a 0.3 50 12.5 
74ALS 05 = 0.06 10 BS! 
74F 0.5 = 0.4 2) 125 


Ss [ 40 pA (HIGH) 
pME bh 46 mA COW 
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particular device or manufacturer. The device data sheet should be consulted to 
determine exact values for a specific IC. 


EXAMPLE 8-7 


Determine the input and output loading factors for the 7404 INVERTER CHIP (Ap- 
pendix ID. 


solution 


This information can be found on the 7404 data sheet under the heading “INPUT 
LOADING/FAN-OUT.” Look under “54/74(UL)” and you will find the first entry, 
1.0/1.0. This means that the input requirements are 1 UL in each state. In other 
words, the 7404 input draws a maximum of 40 wA of current from the input signal 
source in the HIGH state, and sources a maximum of 1.6 mA back through a LOW 
input. These are the maximum worst-case input currents that flow under extreme 
conditions. In practice, you might measure fy = 10 wA and sf, = 1.1 mA at the 
input. Most designers assume the worst-case values that the manufacturer provides 
on the data sheets. 

The second entry under “54/74(UL)” is 20/10. This means that the 7404 out- 
put is rated at 20 UL in the HIGH state and 10 UL in the LOW state. In other 
words, the 7404 output can supply up to 

20 X 40 pA = 800 pA 
to load devices in the HIGH state without its Von dropping below Vox(min) = 2.4 V, 


and it can sinkup to 
10 X 1.6 mA = 16 mA 


in the LOW state without its Vo, rising above Vor(max) = 0.4 V. 


EXAMPLE 8-8 
Repeat for the 74LS04 IC. 


Solution 


Again, we look under the heading “INPUT LOADING/FAN-OUT” for the 54/74LS 
entry, and we see that the inputs are rated at 0.5/0.25. Thus, the 74LS04 has an 
input loading factor of 0.5 UL in the HIGH state, and 0.25 UL in the LOW state. 

The outputs are shown rated at 10/5.0, which means that a 74LS04 output 
can drive 10 UL in the HIGH state, and 5 UL in the LOW state. 


EXAMPLE 8-9 


The output of a 74504 INVERTER is providing the clock signal to a parallel register 
made up of 748112 J-K flip-flops. What is the maximum number of FFs that this 
clock signal can drive? 


Solution 


This type of problem is solved by first determining the unit load capabilities of a 
74804 output and then determining the unit load input requirements of a 748112 
clock input. The 74804 data sheet lists the output fan-out as 25 UL (HIGH) and 
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12.5 UL (LOW). The 745112 data sheet shows that its_ CP input requirements are 
2.5 UL in both states. Thus, the number of 745112 CP loads that a 74804 output 


can drive is 
tput rati 12.5 UL 
number of loads = ed obec = 
input rating 2 UL 
Note that we used the 74804 LOW-state output rating because it is more restrictive 


than its HIGH-state output rating. 


KXAMPLE 8-10 
Repeat Example 8-9 using a 74LS04 and a 74LS112. 


Solution 


The 74LS04 has output ratings of 10 UL (HIGH) and 5 UL (LOW), while the 
74LS112 clock inputs require 2 UL (HIGH) and 0.5 UL (LOW). Here it will be nec- 
essary to calculate the number of 74LS112 loads that a 74LS04 can drive in each 
state, and then take the smaller of the two numbers. 


10 UL 
number of loads (HIGH) = ——— = 5 
Z UL 
UL 
number of loads (LOW) = ? = 10 
0.5 UL 


Thus, a 74LS04 can drive five 74LS112 CP inputs. 


EXAMPLE 8-11 


A certain IC output is rated at Jon(max) = 800 wA and Jo, = 48 mA. Express the 
IC’s fan-out in terms of unit loads. 


Solution 


HIGH state: fan-out = 800 wA/40 wA = 20 UL 
LOW state: fan-out = 48 mA/1.6 mA = 30 UL 


EXAMPLE 8-12 


A certain TTL flip-flop’s CLK input is rated at A, = 0.8 mA and fy = 10 wA. Express 
its input requirements in ULs. 


Solution 


HIGH state: input requirement = 10 wA/40 wA = 0.25 UL 
LOW state: input requirement = 0.8 mA/1.6 mA = 0.5 UL 


These examples should make it clear that the UL rating is just a convenient 
way of specifying an IC’s input and output current ratings. Some manufacturers 
prefer to list these current ratings explicitly without using ULs; others use ULs; still 
others provide the information in both forms. Since you will typically use ICs from 
several manufacturers, you should be able to convert between ULs and currents. 
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REVIEW QUESTIONS 


1. What factors determine a device’s Jo.(max) rating? 


2. A certain TTL output has a fan-out of 5 UL in both states. How much cur- 
rent can it supply to loads in the HIGH state? 


_ 3. What can happen if a TTL output is connected to more unit loads tha its 
output rating specification? 


4, How many 748112 CP inputs can be driven by a 74LS04 output? By a 
74F0O0 output? 


O-6 OTHER TTL CHARACTERISTICS 


Several other characteristics of TTL logic must be understood if one is to intelli- 
gently use TTL in a digital-system application. 


Unconnected Inputs (Floating) Any input to a TTL circuit that is left dis- 
connected (open) acts exactly like a logical 1 applied to that input, because in either 
case the emitter—base junction or diode at the input will not be forward-biased. This 
means thaton any TTLIC, all the inputs are 1s if they are not connected to some logic 
signal or to ground. When an input is left unconnected, it is said to be “floating.” 


Unused Inputs Frequently, all the inputs on a TTL IC are not being used 
in a particular application. A common example is when all the inputs to a logic 
gate are not needed for the required logic function. For example, suppose that we 
needed the logic operation AB and we were using a chip that had a three-input 
NAND gate. The possible ways of accomplishing this are shown in Figure 8-15. 

In Figure 8-15(a) the unused input is left disconnected, which means that it 
acts as a logical 1. The NAND-gate output is therefore x = A: B:1= A: B, which 
is the desired result. Although the logic is correct, it is highly undesirable to leave 
an input disconnected, because it will act like an antenna, which is liable to pick 
up stray radiated signals that could cause the gate to operate improperly. A better 
technique is shown in Figure 8-15(b). Here the unused input is connected to +5 V 
through a 1-kQ resistor, so that the logic level is a 1. The 1-kO, resistor is simply 
for current protection of the emitter—base junctions of the gate inputs in case of 
spikes on the power-supply line. This same technique can be used for AND gates, 


Figure 8-15 Three ways to handle unused logic inputs. 


BOF — te] po 
B 


Unconnected 
(floating) 


+5V 
(a) (b) (Cc) 
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since a 1 on an unused input will not affect the output. As many as 30 unused in- 
puts can share the same 1-kQ) resistor tied to Vec. 

A third possibility is shown in Figure 8-15(c), where the unused input is tied 
to a used input. This is satisfactory provided that the circuit driving input Bis not 
going to have its fan-out exceeded. This technique can be used for any type of 
gate. For OR gates and NOR gates, the unused inputs cannot be left disconnected 
or tied to +5 V since this would produce a constant-output logic level (1 for OR, 0 
for NOR) regardless of the other inputs. Instead, for these gates the unused inputs 
must either be connected to ground (O V) for a logic 0 or be tied to a used input 
as in Figure 8-15(c). 


Tied-Together Inputs When two or more TTL-gate inputs are connected 
together to form a common input as in Figure 8-15(c), the common input will gen- 
erally have an input loading factor that is the sum of the input loading factors for 
the different inputs. The only exception is for NAND and AND gates. For these 
gates, the LOW-state input loading factor will be the same as a single input no 
matter how many inputs are tied together. 

To illustrate, assume that each input of the three-input NAND gate in Figure 
8-15(c) is rated at 1 UL in each state. The common B input will therefore present 
an input loading factor of 2 UL in the HIGH state but only 1 UL in the LOW state. 
The same would be true if this were an AND gate. If it were an OR or a NOR gate, 
the common B input would present an input loading factor of 2 UL in both states. 

The reason for this characteristic can be found by looking back at the circuit 
diagram of the TTL NAND gate in Figure 8-8(b). The current f, is limited by the 
resistance R). Even if inputs A and B were tied together and grounded, this current 
would not change; it would merely divide up and flow through the parallel paths 
provided by diodes D, and D3. The situation is different for OR and NOR gates, 
since they do not use multiple-emitter transistors, but rather have a separate input 
transistor for each input, as we saw in Figure 8-10. 


EXAMPLE 8-132 


Determine the number of ULs that the X output is driving in Figure 8-16. Assume 
each gate input is rated at 1 UL in each state. 


Figure 8-16 Example 8-13. 


- Loading on gate 1 output | 


High state Low state 
2 UL - gate 2 1 UL - gate 2 
1 UL - gate 3 1 UL - gate 3. 


3 UL - gate 4 3 UL - gate 4 


6 UL — total 5 UL - total 
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Solution 


The loading on X will be different for its two different logic states as shown in the 
figure. Note that the tied-together inputs of NAND gate 2 are counted as only 1 UL 
in the LOW state. The NOR gate inputs are treated as separate loads for either state. 


Biasing TTL Inputs Low Occasionally, the situation arises where a TTL 
input must be held normally LOW and then caused to go HIGH by the actuation 
of a mechanical switch. This is illustrated in Figure 8-17 for the input to a one- 
shot. This OS triggers on a positive transition that occurs when the switch is mo- 
mentarily closed. The resistor R serves to keep the TJ input LOW while the switch 
is open. Care must be taken to keep the value of R low enough so that the voltage 
developed across it by the current f,, that flows out of the OS input to ground will 
not exceed Vi,Gnax). Thus, the largest value of R is given by 


i X Kmax = VitGnax) 


Viagmax 
R,,. = Vatmax) 
Ty 


(8-3) 
R must be kept below this value to ensure that the OS input will be at an accept- 
able LOW level while the switch is open. The minimum value of R is determined 
by the current drain on the 5-V supply when the switch is closed. In practice, this 
current drain should be minimized by keeping R just slightly below Rnax. 


= Figure 8-17 


EXAMPLE 8-14 


Determine an acceptable value for R if the OS is a standard TTL IC with an input 
rating of 1 UL. 


Solution 


At 1 UL, the value of fA, will be a maximum of 1.6 mA. This maximum value 
should be used to calculate Rnax. From Table 8-6, ViiGmax) = 0.8 V for the stan- 
dard 74 series. Thus, we have 


0.8 V 
Knuax = — = 500 Q) 
1.6 mA 


A good choice here would be Rk = 470 Q, a standard resistor value. 


EXAMPLE 8-195 


Repeat Example 8-14 if the OS belongs to the 74LS series with an input rating of 
0.25 UL. 


CHAPTER 8 / INTEGRATED-CIRCUIT LOGIC FAMILIES 


Solution 


At 0.25 UL, we have J.(max) = 0.4 mA. For 74LS, ViGnax) = 0.8 V from Table 8-6. 

Thus, 

— 08 V 
0.4 mA 

A good choice here would be 1.8 kQ), a standard value. 


=2kO 


max 


Current Transients TTL logic circuits suffer from internally generated 
current transients or spikes because of the totem-pole output structure. When the 
output is switching from the LOW state to the HIGH state (see Figure 8-18), the 
two output transistors are changing states: QO; OFF to ON and Q; ON to OFF. Since 
QO; is changing from the saturated condition, it will take longer than Q3 to switch 
states. Thus, there is a short interval of time (about 2 ns) during the switching tran- 
sition when both transistors are conducting and a relatively large surge of current 
(30 to 50 mA) is drawn from the +5V supply. The duration of this current transient 
is extended by the effects of any load capacitance on the circuit output. This ca- 
pacitance consists of stray wiring capacitance and the input capacitance of any 
load circuits and must be charged up to the HIGH-state output voltage. This over- 
all effect can be summarized as follows: Whenever a totem-pole TTL output goes 
from LOW to HIGH, a high-amplitude current spike is drawn from the Vcc supply. 
In a complex digital circuit or system there may be many TTL outputs switch- 
ing states at the same time, each one drawing a narrow spike of current from the 
power supply. The accumulative effect of all these current spikes will be to pro- 
duce a voltage spike on the common Vcc line, mostly due to the distributed induc- 
tance on the supply line [remember: V= L(di/dd for inductance, and di/dt is very 
large for a 2-ns current spike]. This voltage spike can cause serious malfunctions 
during switching transitions unless some type of filtering is used. The most com- 
mon technique uses small radio-frequency capacitors connected from Vcc to 


Figure 8-18 A large current spike is drawn from Vec when a totem-pole out- 
put switches from LOW to HIGH. 
+5 V 
Vout 


130 Q loc 
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OFF > ON 
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GROUND to essentially “short out” these high-frequency spikes. This is called 
power-supply decoupling. 

It is standard practice to connect a 0.01-uF or 0.1-wF low-inductance, ce- 
ramic disk capacitor between Vcc and ground near each TTL IC on a circuit board. 
The capacitor leads are kept very short to minimize series inductance. 

In addition, it is standard practice to connect a single large capacitor (2 to 20 WF) 
between Vcc and ground on each board to filter out relatively low-frequency varia- 
tions in Vcc caused by the large changes in Jcc levels as Outputs switch states. 


REVIEW QUESTIONS 


1. What will be the logic Output Of a TTL NAND gate that has all its inputs 
unconnected? 


2. What are two fecoe ways to handle unused inputs to an AND gate? | 
3. Repeat Question 2 fora NOR gate. | 

4. True or false: When NAND gate inputs are tied together, they are always _ 
- treated as a single load on the signal source. / 


5. What is power-supply decoupling? Why is it used? 


O-{ CONNECTING TTL OUTPUTS TOGETHER 


As strange as it may seem, there are situations in which it is advantageous to con- 
nect the outputs of two or more logic gates (or other devices). Whenever this is 
done, we have to be concerned about the situation where one gate output is try- 
ing to go LOW while another gate output is trying to go HIGH; since they are tied 
together, we have a HIGH/LOW conflict. As we will soon see, with TTL devices 
the LOW always wins. Up to now, we have become familiar only with the totem- 
pole output structure for TTL devices. Two other kinds of output structures will be 
presented shortly. Let’s first consider tying totem-pole outputs together. 


Totem-Pole Outputs Should Not Be Tied Together The reason 
for this absolute rule can be seen if we look at Figure 8-19, where the totem-pole 
outputs of two separate gates are connected together at point X. Suppose that the 
gate A output is in the HIGH state (Q34 on, Qy4 off) and the gate B output is in the 
LOW state (Q3z off, Qig on). In this situation Qyz is a very low-resistance load on 
Q34 and will draw a current that can go as high as 55 mA. This current might not 
damage Q3z or Qia immediately, but over a period of time can cause overheating 
and deterioration in performance and eventual device failure. The situation wors- 
ens when more than two totem-pole outputs are tied together. 

Another problem caused by this relatively high current flowing through Q,, 
is that it will produce a larger voltage drop across the transistor collector—emitter, 
making Vor greater than the allowable Vo.(max). 

Sometimes totem-pole outputs are unintentionally tied together because of 
wiring errors or accidental shorting together on a printed circuit board. When this 
happens, the signal at the common point will usually be the logical AND of the 
outputs; that is, it will be LOW when any one of the tied-together output signals 
tries to go LOW. This is true only of TTL circuits; MOS and CMOS behave less pre- 
dictably when outputs are tied together. 
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Figure 8-19  Totem-pole outputs tied together can pro- 
duce harmful current through Qj. 


Open-Collector Outputs Some TTL circuits are designed with open- 
collector outputs. As shown in Figure 8-20(a), the open-collector structure eliminates 
the pull-up transistor Q3, D,, and R4. The output is taken at Q;’s collector, which is 
open (unconnected). In the output LOW state, Q, is ON (has base current and is 


Figure 8-20 (a) Open-collector TTL circuit; (b) with external pull-up resistor. 
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essentially a short between collector and emitter); in the output HIGH state, Q; is OFF 
(has no base current and is essentially an open between collector and emitter). For 
proper operation an external pull-up resistor Rp should be connected as shown in 
Figure 8-20(b). This resistor is not part of the TTL device’s internal circuitry; it is a sep- 
arate resistor that you must connect to the device output. 

When Q; is ON, it pulls the output voltage down to a LOW. When Q, is OFF, 
Rp pulls the output voltage to a HIGH. Note that without the pull-up resistor, the 
output voltage would be indeterminate (floating). That’s why it is used. The value 
of this resistor is usually chosen to be 10 kQ. This value is small enough so that in 
the HIGH state the voltage dropped across it will not lower the output voltage 
below the TTL minimum. It is large enough so that in the LOW state it will limit 
the current through Q,; to a value below Jo,(max). 


Wired-AND Connection Devices with open-collector (OC) outputs can 
have their outputs connected together safely. Figure 8-21 shows three 2-input OC 
NAND gates (7401s) whose outputs are tied together. This connection is called a 
wired-AND connection because it is equivalent to the logical AND operation. The 
logic expression of the output is the same as if the three gate outputs had been 
fed into an AND gate. This is shown symbolically by the dotted AND gate symbol. 
There is no actual AND gate there. 

This wired-AND configuration eliminates the need for an actual AND gate, but 
OC devices suffer from a much slower switching speed than totem-pole outputs, 
which have a pull-up transistor (Q3) to charge up load capacitance rapidly. For this 
reason, OC circuits should not be used where speed is a principal consideration. 


Open-Collector Bulfer/Drivers Any logic circuit that is called a buffer, 
a driver, or a buffer/driver is designed to have a greater output current and/or 
voltage capability than an ordinary logic circuit. Buffer/driver ICs are available 
with totem-pole outputs and with open-collector outputs. 


Figure 8-21 Wired-AND operation using open-collector gates. 
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The 7406 is a popular open-collector buffer/driver IC that contains six IN- 
VERTERs with open-collector outputs that can sink up to 40 mA in the LOW state. 
In addition, the 7406 can handle output voltages up to 30 V. This means that the 
output transistor can be connected to a voltage greater than 5 V. 

This is illustrated in Figure 8-22, where a 7406 is used as a buffer between a 
74LS112 flip-flop and an incandescent indicator lamp that is rated at 24 V, 25 mA. 
The 7406 controls the lamp’s ON/OFF status to indicate the state of FF output Q. 
Note that the lamp is powered from +24 V, and it acts as the pull-up resistor for 
the open-collector output. 

When O= 1, the 7406 output goes LOW and its output transistor sinks the 
25 mA of lamp current supplied by the 24-V source, and the lamp is on. When O = 0, 
the 7406 output transistor turns off; there is no path for current and the lamp 
turns off. In this state, the full 24 V will appear across the OFF output transistor 
so that Von = 24 V, which is lower than the 7406 maximum Von rating. 

Open-collector outputs are often used to drive indicator LEDs as shown in 
Figure 8-23. Here either a 7405 or a 7406 can be used, depending on the LED’s re- 
quired current. The resistor is used to limit the current to a safe value. When the 
INVERTER output is LOW, its output transistor will provide a low-resistance path 
to ground for the LED current, so that the LED will be on. When the INVERTER 
output is HIGH, its output transistor will be off and there will be no path for LED 
current; in this state, the LED will be off. 


*transistor shown for 
illustrative purposes 


74LS$112 


Figure 8-22 An open-collector buffer-driver drives a high-current, 
high-voltage load. 


+5 V 


7405, 7406 


Figure 8-23. An open-collector output 
can be used to drive an LED indicator. 
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IKEE/ANSI Symbol for Open-Collector Outputs The traditional 
symbols for logic circuits with open-collector outputs are the same as for totem-pole 
outputs. The new IEEE/ANSI symbology, however, does use a distinctive notation to 
identify open-collector outputs. Figure 8-24 shows the standard IEEE/ANSI designa- 
tion for an open-collector output. It is an underlined diamond. Although we will not 
normally use the complete IEEE/ANSI symbology in this book, we will use this under- 
lined diamond to indicate open-collector outputs. 


a 
7405 
—|S>o— Figure 8-24 JEEE/ANSI notation 
for open-collector outputs. 


REVIEW QUESTIONS 


. When does a HIGH/LOW conflict occur? 
- Why shouldn't totem-pole outputs be tied together? 
How do open-collector outputs differ from totem-pole outputs? 


. Why do open-collector outputs need a pull-up resistor? 


VR WN ee 


. What is the logic expression for the wired-AND connection of six 7405 
outputs? 


6. Why are open-collector outputs generally slower than totem-pole? 
7. What is the IEEE/ANSI symbol for open-collector outputs? 


G-3 — TRISTATE (THREE-STATE) TTL 


The tristate configuration is a third type of TTL output configuration. It utilizes the 
high-speed operation of the totem-pole arrangement while permitting outputs to 
be wired-ANDed (connected together). It is called tristate TTL because it allows 
three possible output states: HIGH, LOW, and high-impedance (Hi-Z). The Hi-Z 
state is a condition in which both transistors in the totem-pole arrangement are 
turned off so that the output terminal is a high impedance to ground and to Vec. 
In other words, the output is an open or floating terminal that is neither a LOW 
nor a HIGH. In practice, the output terminal is not an exact open circuit, but has a 
resistance of several megohms or more relative to ground and Vec. 

The tristate operation is obtained by modifying the basic totem-pole circuit. 
Figure 8-25(a) shows the circuit for a tristate INVERTER where the portion en- 
closed in dotted lines has been added to the basic circuit. The circuit has two in- 
puts: A is the normal logic input, FE is an ENABLE input that can produce the Hi-Z 
state. We will examine the operation for both states of E. 
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Figure 8-25 Tristate TTL INVERTER. 


The Enabled State With F=1 the circuit operates as a normal IN- 
- VERTER because the HIGH voltage at EF has no effect on Q; or D2. In this enabled 
condition, the output is simply the inverse of logic input A. 


The Disabled State (Hi-Z) When £= 0 the circuit goes into its Hi-Z 
state regardless of the state of logic input A. The LOW at E forward-biases the 
emitter—base junction of Q; and shunts the Rk, current away from Q2 so that Q» 
turns off, which turns Q; off. The LOW at £ also forward-biases diode D2 to shunt 
current away from the base of Q3, so that Q3 also turns off. 
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With both totem-pole transistors in the nonconducting state, the output ter- 
minal is essentially an open circuit. This is shown symbolically in the table of 
Figure 8-25(c). 

The logic symbol for the tristate INVERTER is shown in Figure 8-25(b). Note 
where the ENABLE input is placed on the INVERTER symbol. Also note that E is 
active-HIGH; that is, the INVERTER is enabled when EF = 1. 


Advantage of Tristate The outputs of tristate ICs can be connected to- 
gether (paralleled) without sacrificing switching speed. This is because a tristate 
output, when enabled, operates as a totem-pole output with its associated low- 
impedance, high-speed characteristic. It is important to realize, however, that 
when tristate outputs are paralleled, only one of them should be enabled at one 
time. Otherwise, two active totem-pole outputs would be connected together and 
damaging currents could flow (Figure 8-19). We will elaborate on this in our dis- 
cussion of tristate buffers. 


Tristate Buffers A tristate buffer is a circuit that is used to control the 
passage of a logic signal from input to output. Some tristate buffers also invert the 
signal as it goes through. The circuit in Figure 8-25 can be called an inverting tri- 
state buffer. 

Two commonly used tristate buffer ICs are the 74LS125 and 74LS126. Both 
contain four noninverting tristate buffers like those shown in Figure 8-26. The 
74LS125 and 74LS126 differ only in the active state of their ENABLE inputs. The 
74LS125 allows the input signal A to reach the output when £ = 0, while the 
74LS126 passes the input when E = 1. 

Tristate buffers have many applications in circuits where several signals are 
connected to common lines (buses). We will examine some of these applications 
in Chapter 9, but we can get the basic idea from Figure 8-27(a). Here we have 
three logic signals A, B, and C connected to a common bus line through 74LS126 
tristate buffers. This arrangement permits us to transmit any one of these signals 
over the bus line to other circuits by enabling the appropriate buffer. 

For example, consider the situation in Figure 8-27(b) where Eg = 1 and £4 = 
Ec = 0. This disables the upper and lower buffers so that their outputs are in the 
Hi-Z state and are essentially disconnected from the bus. This is symbolized by the 


Figure 8-26 Tristate noninverting buffers. 
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Figure 8-27 (a) Tristate buffers used to connect several signals to a com- 
mon bus; (b) conditions for transmitting B to the bus. 


X’s on the diagram. The middle buffer is enabled so that its input, B, is passed 
through to its output and onto the bus, from where it is routed to other circuits 
connected to the bus. When tristate outputs are connected together as in Figure 
8-27, it is important to remember that no more than one output should be en- 
abled at one time. Otherwise, two or more active totem-pole outputs would be 
connected, which could produce damaging currents. Even if damage did not 
occur, this situation would produce a signal on the bus that is a combination of 
more than one signal. This is commonly referred to as bus contention. In tris- 
tate bus systems the designer has to make sure that the enable signals do not 
allow bus contention to occur. 


Tristate ICs In addition to tristate buffers, there are many ICs that are 
designed with tristate outputs. For example, the 74LS374 is an octal D-type FF 
register IC with tristate outputs. This means that it is an 8-bit register made up 
of D-type FFs whose outputs are connected to tristate buffers. This type of reg- 
ister can be connected to common bus lines along with the outputs from other, 
similar devices to allow efficient transfer of data over the bus. We examine this 
tristate data bus arrangement in Chapter 9. Other types of logic devices that are 
available with tristate outputs include decoders, multiplexers, analog-to-digital 
converters, memory chips, and microprocessors. 


IKEE/ANSI Symbol for Tristate Outputs The traditional logic sym- 
bology has no special notation for tristate outputs. Figure 8-28 shows the notation 
used in the IEEE/ANSI symbology to indicate a tristate output. It is a triangle that 
points downward. Although it is not part of the traditional symbology, we will use 
this triangle to designate tristate outputs throughout the remainder of the book. 
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Figure 8-28 [EEE/ANSI notation for tristate outputs. 


REVIEW QUESTIONS 


. What are the three possible output states of a tristate IC? 
. What is the state of a tristate output when it is disabled? — 


. What is bus contention? 


mr OO No 


. What conditions are necessary to transmit signal C onto the bus in Figure 
8-27? 
5. What is the IEEE/ANSI designation for tristate outputs? 


8-9 THE ECL DIGITAL IC FAMILY 


The TTL family uses transistors operating in the saturated mode. As a result, their 
switching speed is limited by the storage delay time associated with a transistor 
that is driven into saturation. Another bipolar logic family has been developed that 
prevents transistor saturation, thereby increasing overall switching speed. This 
logic family is called emitter-coupled logic (ECL), and it operates on the princi- 
ple of current switching whereby a fixed bias current less than Jc(sat) is switched 
from one transistor’s collector to another. Because of this current-mode operation, 
this logic form is also referred to as current-mode logic (CML). 


Basic ECL Circuit The basic circuit for emitter-coupled logic is essentially 
the differential amplifier configuration of Figure 8-29(a). The Vzz supply produces 
an essentially fixed current Je which remains around 3 mA during normal opera- 
tion. This current is allowed to flow through either Q; or Q2, depending on the 
voltage level at Vix. In other words, this current will switch between Q;’s collector 
and Qy’s collector as Vin switches between its two logic levels of —1.7 V Cogical 0 
for ECL) and —0.8 V Cogical 1 for ECL). The table in Figure 8-29(a) shows the re- 
sulting output voltages for these two conditions at Vix. Two important points 
should be noted: (1) Vai and Vez are the complements of each other, and (2) the 
output voltage levels are not the same as the input logic levels. 

The second point noted above is easily taken care of by connecting Va and 
Va. to emitter-follower stages (Q3 and Q,), as shown in Figure 8-29(b). The emitter 
followers perform two functions: (1) they subtract approximately 0.8 V from Va 
and Vq@ to shift the output levels to the correct ECL logic levels, and (2) they pro- 
vide a very low output impedance (typically 7 0), which provides for large fan-out 
and fast charging of load capacitance. This circuit produces two complementary 
outputs: Vouri, which equals Vix, and Vourz, which is equal to Vin. 
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Figure 8-29 (a) Basic ECL circuit; (b) with addition of emitter followers. 


ECL OR/NOR Gate The basic ECL circuit of Figure 8-29(b) can be used as 
an INVERTER if the output is taken at Voun. This basic circuit can be expanded to 
more than one input by paralleling transistor Q; with other transistors for the other 
inputs, as in Figure 8-30(a). Here either Q; or Q3 can cause the current to be 
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_ Emitter- 


follower — VouT1 =A+B 
| Emitter- 2 
follower Vout2 =A+B 


A =|.3¥ 
-5.2V 
(a) 
A A+B 
B A+B 
(b) 


Figure 8-30 (a) ECL NOR/OR circuit; (b) logic symbol. 


switched out of Q2, resulting in the two outputs Vour: and Vourz being the logical 
NOR and OR operations, respectively. This OR/NOR gate is symbolized in Figure 
8-30(b) and is the fundamental ECL gate. 


ECL Characteristics The following are the most important characteris- 
tics of the ECL family of logic circuits: 


1. The transistors never saturate, and so switching speed is very high. Typical 
propagation delay time is 1 ns, which makes ECL somewhat faster than ad- 
vanced Schottky TTL (74AS series). 


2. The logic levels are nominally —0.8 V and —1.70 V for the logical 1 and 0, 
respectively. 

3. Worst-case ECL noise margins are approximately 250 mV. These low noise 
margins make ECL somewhat unreliable for use in heavy industrial environ- 
ments. 

4. An ECL logic block usually produces an output and its complement. This 
eliminates the need for inverters. 

5. Fan-outs are typically around 25, owing to the low-impedance emitter-follower 
outputs. 
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6. Typical power dissipation for a basic ECL gate is 25 mW, somewhat higher 
than the 74AS series. 

7. The total current flow in an ECL circuit remains relatively constant regardless 
of its logic state. This helps to maintain an unvarying current drain on the cir- 
cuit power supply even during switching transitions. Thus, no noise spikes 
will be internally generated like those produced by TTL totem-pole circuits. 


Table 8-8 shows how ECL compares with the important TTL logic families. 
The ECL family of ICs does not include a wide range of general-purpose logic de- 
vices as do the TTL and CMOS families. ECL does include complex, special-pur- 
pose ICs used in applications such as high-speed data transmission, high-speed 
memories, and high-speed arithmetic units. The relatively low noise margins and 
high power drain of ECL are disadvantages compared with TTL and CMOS. An- 
other drawback is its negative power supply voltage and logic levels, which are 
not compatible with the other logic families. This makes it difficult to use ECL de- 
vices in conjunction with TTL and/or CMOS ICs; special level-shifting circuits have 
to be connected between ECL devices and the TTL (or CMOS) devices on both 
input and output. 


Table 8-8 


Worst-Case Maximum 
Logic Family tpa(ms) PpGmW) Noise Margin(mV) Clock Rate (MHz) 


74 9 10 400 35 
74AS L7 8 300 200 
74ALS 4 1.2 A 70 
748 3 20 300 125 
74LS 9.5 2 300 45 
iat 4 6 300 100 
ECL 1 ‘oo 250 600 


REVIEW QUESTION 


1. True or false: 
(a) ECL obtains high-speed operation by preventing transistor saturation. 
(b) ECL circuits usually have complementary outputs. 
(c) The noise margins for ECL circuits are larger than TTL noise margins. 
(d) ECL circuits do not generate noise spikes during state transitions. 
(e) ECL devices require less power than standard TTL. 
(f) ECL can be easily used with TTL. 


G-10 MOS DIGITAL INTEGRATED CIRCUITS 


MOS (mnetal-oxide-semiconductor) technology derives its name from the basic 
MOS structure of a metal electrode over an oxide insulator over a semiconductor 
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substrate. The transistors of MOS technology are field-effect transistors called MOS- 
FETs. Most of the MOS digital ICs are constructed entirely of MOSFETs and no 
other components. 

The chief advantages of the MOSFET are that it is relatively simple and inex- 
pensive to fabricate, it is small, and it consumes very little power. The fabrication 
of MOS ICs is approximately one-third as complex as the fabrication of bipolar ICs 
(TTL, ECL, etc.). In addition, MOS devices occupy much less space on a chip than 
bipolar transistors; typically, a MOSFET requires 1 square mil of chip area while a 
bipolar transistor requires about 50 square mils. More important, MOS digital ICs 
normally do not use the IC resistor elements that take up so much of the chip area 
of bipolar ICs. 

All of this means that MOS ICs can accommodate a much larger number of 
circuit elements on a single chip than bipolar ICs. This advantage is evidenced by 
the fact that MOS ICs have dominated bipolar ICs in the area of large-scale integra- 
tion (LSI, VLSI). The high packing density of MOS ICs makes them especially well 
suited for complex ICs such as microprocessor and memory chips. 

The principal disadvantage of MOS ICs is their relatively slow operating 
speed when compared with the bipolar IC families. In many applications this is 
not a prime consideration, and so MOS logic offers an often superior alternative to 
bipolar logic. We will examine the MOS logic families after a brief discussion of 
MOSFETs. 


8-11 THE MOSFET 


There are presently two general types of MOSFETs: depletion and enhancement. 
MOS digital ICs use enhancement MOSFETs exclusively, and so only this type will 
be considered in the following discussion. Furthermore, we will concern ourselves 
only with the operation of these MOSFETs as on/off switches. 

Figure 8-31 shows the schematic symbols for the N-channel and P-channel 
enhancement MOSFETs, where the direction of the arrow indicates either P- or 
N-channel. The symbols show a broken line between the source and drain to in- 
dicate that there is normally no conducting channel between these electrodes. The 
symbol also shows a separation between the gate and the other terminals to indi- 
cate the very high resistance (typically around 10'* Q) between the gate and chan- 
nel. 


Figure 8-31 Schematic symbols for enhancement 
MOSFETs. 
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Basic MOSFET Switch 


Figure 8-32 N-channel MOSFET switching states. 


Figure 8-32 shows the switching operation of an 
N-channel MOSFET. For the N-channel device the drain is always biased positive 
relative to the source. The gate-to-source voltage Ves is the input voltage, which is 
used to control the resistance between drain and source (i.e., the channel resis- 
tance) and therefore determines whether the device is on or off. 

When Ves = 0 V, there is no conductive channel between source and drain, 
and the device is off. Typically the channel resistance in this OFF state is 10!° Q, 
which for most purposes is an open circuit. The MOSFET will remain off as long 
as Vas is zero or negative. As Vos is made positive (gate positive relative to source), 
a threshold voltage (Vy) is reached, at which point a conductive channel begins to 
form between source and drain. Typically Vr = +1.5 V for N-MOSFET, and so any 
Ves 2 1.5 V will cause the MOSFET to conduct. Generally, a value of Ves much 
larger than V; is used to turn on the MOSFET more completely. As shown in Fig- 
ure 8-32(b), when Ves = +5 V, the channel resistance between source and drain 
has dropped to a value of Rox = 1000 ©. 

In essence, then, the N-MOSFET will switch from a very high resistance to a 
low resistance as the gate voltage switches from a LOW voltage to a HIGH voltage. 
It is helpful simply to think of the MOSFET as a switch that is either opened or 
closed between source and drain. 

The P-channel MOSFET operates in exactly the same manner as the N-channel 
except that it uses voltages of the opposite polarity. For P-MOSFETs the drain is 
connected to —Vpp so that it is biased negative relative to the source. To turn the P- 
MOSFET on, a negative voltage that exceeds V; must be applied to the gate. 

Table 8-9 summarizes the P- and N-channel switching characteristics. 


V OFF state ON state 
ST _ Ves =0V Ves = +5 V 
+5 V +5V +5 V 
| D | D D 
G 
“bE 
RFF Ron 
Ves 101° 9 — 1000 Q 
, T 
(a) (b) (c) 
Table 8-9 
Drain- Gate-to-Source 
to- Voltage (Ves) _ 
Source Needed for | 
Bias Conduction Ron (Q) Rorr (QD) 
P-channel Negative Typically more 1000 19** 
negative than -1.5 V (typical) 
N-channel Positive Typically more 1000 ip° 
positive than +1.5 V (typical) 
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8-12 DIGITAL MOSFET CIRCUITS 


Digital circuits employing MOSFETs are broken down into three categories: (1) P- 
MOS, which uses only P-channel enhancement MOSFETs; (2) N-MOS, which uses 
only N-channel enhancement MOSFETs; and (3) CMOS (complementary MOS), 
which uses both P- and N-channel devices. 

P-MOS and N-MOS digital ICs have a greater packing density (more transis- 
tors per chip) and are therefore more economical than CMOS. N-MOS has about 
twice the packing density of P-MOS. In addition, N-MOS is also about twice as fast 
as P-MOS, owing to the fact that free electrons are the current carrier in N-MOS 
while holes (slower-moving positive charges) are the current carriers for P-MOS. 
CMOS has the greatest complexity and lowest packing density of the MOS families, 
but it possesses the important advantages of higher speed and much lower power 
dissipation. N-MOS and CMOS ICs are widely used in the digital field, but P-MOS 
ICs are no longer part of new designs. However, P-MOFSETs are still important be- 
cause they are used as part of CMOS circuits. 

In this section we look at some of the basic N-MOS logic circuits. It is under- 
stood that the corresponding P-MOS circuits would be the same except for the 
voltage polarities. Since N-MOS finds its widest applications in LSI and VLSI (ni- 
croprocessors, memories, etc.), we will defer any applications of N-MOS devices 
until later. CMOS, which, like TTL, is used in MSI applications, is covered in detail 
beginning in Section 8-14. 


N-MOS INVERTER Figure 8-33 shows the basic N-MOS INVERTER circuit. 
It contains two N-channel MOSFETs: Q; is called the Joad MOSFET and Q» the 
switching MOSFET. Q; has its gate permanently connected to +5 V, and so it is a/- 
ways in the ON state and essentially acts as a load resistor of value Ron. Q2 will 
switch from ON to OFF in response to Vin. The QO; MOSFET is designed to have a 
narrower channel than Q2, and so Q,’s Ron is much greater than Q2’s. Typically, 
Ron for Q; is 100 kQ. and Ron for Q2 is 1 kQ. Rorr for Q2 is usually around 10!° Q. 


Figure 8-33, N-MOS INVERTER. 
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The two states of the INVERTER are summarized in Figure 8-33(b). The best 
way to analyze this circuit is to consider each MOSFET channel as a resistance so 
that the output voltage is taken from a voltage divider formed by the two resis- 
tances. With Vin = 0 V, transistor Q2 is off, with a very large resistance of 10!° Q. 
Since Q; has Ron = 100 kQ, the voltage-divider output will be essentially +5 V. 
With Vin = +5 V, Q2 is on, with Ron = 1 kQ. The voltage divider is now 100 kO 
and 1 kQ), so that Vour = 1/101 X (+5 V) = 0.05 V. 

The circuit functions as an INVERTER since a LOW input produces a HIGH 
output and vice versa. This basic INVERTER can be modified to form NAND and 
NOR logic gates. 


N-MOS NAND Gate The NAND operation is performed by the circuit of 
Figure 8-34(a), where Q; is again acting as a load resistance while Q, and Q; are 
switches controlled by input levels A and B. If either A or B is at 0 V Cogical 0), 
the corresponding FET is off, thereby presenting a high resistance from the output 
terminal to ground so that output X is HIGH (+5 V). When both A and Bare +5 V 


Figure 8-34 (a) N-MOS NAND gate; (b) NOR gate. 


+5 V 


X = AB 
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Cogical 1), both Q2 and Q3 are on, so that output X is LOW. Clearly, the output 
equals the NAND of the inputs (¥ = AB). 


N-MOS NOR Gate The NOR gate of Figure 8-34(b) uses Q2 and Qs; as par- 
allel switches with Q; again acting as a load resistance. When either input A or B 
is at +5 V, the corresponding MOSFET is on, forcing the output to be LOW. When 
both inputs are at 0 V, both Q2 and Qs are off, so that the output goes HIGH. 
Clearly, this is the NOR operation with X = A+B. 

N-MOS OR gates and AND gates are easily formed by combining the NOR or 
NAND with INVERTERs. 


N-MOS Flip-Flops Two N-MOS NOR gates or NAND gates can be cross- 
coupled to form simple latches (see Figures 5-3 and 5-10). Additional gating cir- 
cuitry can be added to convert the basic latch to a clocked J-K or clocked D flip- 
flop (see Figure 5-23). N-MOS flip-flops are important in some types of computer 
memory circuits. 


G-13 CHARACTERISTICS OF MOS LOGIC 


Compared with the bipolar logic families the MOS logic families are slower in op- 
erating speed; require much less power; have a better noise margin, a greater sup- 
ply voltage range, and a higher fan-out; and, as was mentioned earlier, require 
much less “real estate” (chip area). 


Operating Speed A typical N-MOS NAND gate has a propagation delay time 
of 50 ns. This is due to two factors: the relatively high output resistance (100 kQ) in 
the HIGH state and the capacitive loading presented by the inputs of the logic circuits 
being driven. MOS logic inputs have very high input resistance (>10'" Q), and they 
have a reasonably high input capacitance (MOS capacitor), typically 2 to 5 picofarads. 
This combination of large Rour and large Croan serves to increase switching time. 


Noise Margin Typically, N-MOS noise margins are around 1.5 V when op- 
erated from Vpp = 5 V and will be proportionally higher for larger values of Vopp. 


Fan-Out Because of the extremely high input resistance at each MOSFET 
input, one would expect that the fan-out capabilities of MOS logic would be virtu- 
ally unlimited. This is essentially true for dc or low-frequency operation. However, 
for frequencies greater than around 100 kHz, the gate input capacitances cause a 
deterioration in switching time which increases in proportion to the number of 
loads being driven. Even so, MOS logic can easily operate at a fan-out of 50, 
which is much better than most of the bipolar families. 


Power Drain MOS logic circuits draw small amounts of power because of 
the relatively large resistances being used. To illustrate, we can calculate the 
power dissipation of the INVERTER of Figure 8-33 for its two operating states. 
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1. Vn=0 V: Roncoy = 100 kQO; Rorrco2) = 10!° OQ. Therefore, Jp, current from 
Vop supply, ~ 0.5 nA, and Pp = 5 V X 0.5 nA = 2.5 nW. 

2. Vin = +5 V: Roncay = 100 kO; Roncg2) = 1k. Therefore, = 5 V/101 kO =~ 
50 wA and Pp = 5 V X 50 pA = 0.25 mW. 


This gives an average Pp of a little over 0.1 mW for the INVERTER. The low 
power drain of MOS logic makes it suitable for LSI and VLSI, where many gates, 
FFs, and other circuits can be on one chip without causing overheating that can 
damage the chip. 


Process Complexity MOS logic is the simplest logic family to fabricate 
since it uses only one basic element, an N-MOS (or P-MOS) transistor. It requires 
no other elements, such as resistors or diodes. This characteristic, together with its 
lower Pp, makes it ideally suited for LSI darge memories, calculator chips, micro- 
processors) and this is where MOS logic has made its greatest impact in the digital 
field. The operating speed of P-MOS and N-MOS is not comparable with TTL, and 
so very little has been done with them in SSI and MSI applications. In fact, there 
are very few MOS logic circuits in the SSI or MSI categories (gates, FFs, and coun- 
ters, for instance). CMOS, however, is competitive in the MSI area, which was until 
recently dominated by TTL. 


Static Sensitivity All electronic devices, to varying degrees, are sensitive 
to damage by static electricity. The human body is a great storehouse of electrosta- 
tic charges. For example, when you walk across a carpet, a static charge of over 
30,000 V can be built up on your body. If you then touch an electronic device, 
some of this sizable charge can be transferred to the device. If the transferred 
charge is too large, the device will be destroyed. 

The MOS logic families are especially susceptible to static charge damage, 
while the bipolar logic families are much less so. This is a direct result of the very 
high impedance present at a MOSFET input. A small static charge flowing into this 
high impedance can develop a dangerous voltage. This same charge flowing into 
the relatively low impedance of a TTL or ECL input will produce a smaller, less 
harmful voltage. 

Electrostatic discharge (ESD) is responsible for billions of dollars of dam- 
age to electronic equipment annually, and equipment manufacturers have devoted 
considerable attention to developing special handling procedures for all electronic 
devices and circuits. Even though most modern ICs have on-chip resistor—diode 
networks to protect inputs and outputs from the effects of ESD, the following pre- 
cautions are used by most engineering labs, production facilities, and field service 
departments: 


1. Connect the chassis of all test instruments, soldering-iron tips, and your 
workbench Gf metal) to earth ground (i.e., the round prong in the 120 VAC 
plug). This prevents the buildup of static charge on these devices that could 
be transferred to any circuit board or IC that they come in contact with. 


2. Connect yourself to earth ground with a special wrist strap. This will allow 
potentially dangerous charges from your body to be discharged to ground. 
The wrist strap contains a 1-MQ, resistor that limits current to a nonlethal 
value should you accidentally touch a “live” voltage while working with the 
equipment. 
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3. Keep ICs (especially MOS) in conductive foam or aluminum foil. This will 
keep all IC pins shorted together so that no dangerous voltages can be de- 
veloped between any two pins. 


4. Avoid touching IC pins, and insert IC into circuit immediately after removing 
it from the protective carrier. 

5. Place shorting straps across the edge connectors of PC boards when the 
boards are being carried or transported. Avoid touching the edge connectors. 
Store PC boards in conductive plastic or metallic envelopes. 

6. Do not leave any unused IC inputs unconnected, because open inputs tend 
to pick up stray static charges. 


REVIEW QUESTIONS 


1. Describe the idee advantages and disadvantages, of N-MOS circuits | as 
compared wilh TTL. 


2. What determines the fan-out limitations of MOS logic? 

3. What factors limit the switching speed of N-MOS circuits? 
4, What makes MOS circuitry so well suited for LSI? 

5. Why are MOS ICs especially sensitive to static charges? 

6 


. List five precautions for handling ICs and circuit boards: to minimize static .. 
charge damage. |. 


G-14 COMPLEMENTARY MOS LOGIC 


The complementary MOS (CMOS) logic family uses both P- and N-channel MOS- 
FETs in the same circuit to realize several advantages over the P-MOS and N-MOS 
families. Generally speaking, CMOS is faster and consumes even less power than 


Figure 8-35 Basic CMOS INVERTER. 
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the other MOS families. These advantages are offset somewhat by the increased 
complexity of the IC fabrication process and a lower packing density. Thus, CMOS 
cannot yet hope to compete with MOS in applications requiring the utmost in LSI 
and VLSI. 


CMOS INVERTER The circuitry for the basic CMOS INVERTER is shown 
in Figure 8-35. For this diagram and those that follow, the standard symbols for the 
MOSFETs have been replaced by blocks labeled P and N to denote a P-MOSFET 
and N-MOSFET, respectively. This is done simply for convenience in analyzing the 
circuits. The CMOS INVERTER has two MOSFETs in series in such a way that the 
P-channel device has its source connected to +Vpp (a positive voltage) and the N- 
channel device has its source connected to ground.* The gates of the two devices 
are connected together as a common input. The drains of the two devices are con- 
nected together as the common output. 

The logic levels for CMOS are essentially +Vpp for logical 1 and 0 V for logi- 
cal 0. Consider, first, the case where Vin = +Vpp. In this situation the gate of QO; 
(P-channel) is at 0 V relative to the source of Q;. Thus, Q; will be in the OFF state 
with Rorr ~ 10'° Q. The gate of Q2 (N-channel) will be at +Vpp relative to its 
source. Thus, Q2 will be on with typically Ron = 1 kQ. The voltage divider be- 
tween Q1’s Rorr and Q2’s Ron will produce Vour ~ 0 V. 

Next, consider the case where Vin = 0 V. Q: now has its gate at a negative poten- 
tial relative to its source while Q2 has Ves = 0 V. Thus, Q; will be on with Ron = 1 kO 


Figure 8-36 CMOS NAND gate. 


+Vop 


* Most manufacturers label this terminal Vss. 
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and Q>2 off with Rorr = 10'° QO, producing a Vour of approximately +Vpp. These two 
operating states are summarized in Figure 8-35(b), showing that the circuit does act 
as a logic INVERTER. 


CMOS NAND Gate Other logic functions can be constructed by modifying 
the basic INVERTER. Figure 8-36 shows a NAND gate formed by adding a parallel 
P-channel MOSFET and a series N-channel MOSFET to the basic INVERTER. To 
analyze this circuit it helps to realize that a 0-V input turns on its corresponding P- 
MOSFET and turns off its corresponding N-MOSFET, and vice versa for a + Vpp 
input. Thus, it can be seen that the only time a LOW output will occur is when in- 
puts A and B are both HIGH (+ Vpp) to turn on both N-MOSFETs, thereby provid- 
ing a low resistance from the output terminal to ground. For all other input condi- 
tions, at least one P-MOSFET will be on while at least one N-MOSFET will be off. 
This produces a HIGH output. 


CMOS NOR Gate A CMOS NOR gate is formed by adding a series PPMOSFET 
and a parallel N-MOSFET to the basic INVERTER as shown in Figure 8-37. Once again 
this circuit can be analyzed by realizing that a LOW at any input turns on its corre- 
sponding P-MOSFET and turns off its corresponding N-MOSFET, and vice versa for a 
HIGH input. It is left to the reader to verify that this circuit operates as a NOR gate. 


Figure 8-37 CMOS NOR gate. 


+Vpp 


X=A+B 
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CMOS AND and OR gates can be formed by combining NANDs and NORs 
with INVERTERs. 


CMOS SET-CLEAR FF Two CMOS NOR gates or NAND gates can be 
cross-coupled to form a simple SET-CLEAR latch. Additional gating circuitry is used 
to convert the basic SET-CLEAR latch to clocked D and J-K flip-flops. 


REVIEW QUESTIONS 


Ae How many P-channel MOSFETs are ina Ch fO' 
3. How many MOSFETS are in a three input NAND- one) 


8-15 CMOS SERIES GHARACTERISTIGS 


The CMOS family of integrated circuits competes directly with TTL in the small- 
and medium-scale integration (SSI, MSI) areas. As CMOS technology has produced 
better and better performance characteristics, CMOS has gradually taken over the 
field that has been dominated by TTL for so long. TTL devices will be around for a 
long time, but more and more new equipment is using primarily CMOS logic cir- 
cuits. 

CMOS ICs provide not only all of the same logic functions that are available 
in TTL, but also several special-purpose functions not provided by TTL. Several 
different CMOS series have been developed over time as manufacturers have 
sought to improve performance characteristics. Before we look at the various 
CMOS series, it will be helpful to define a few terms that are used when ICs from 
different families or series are to be used together or as replacements for one an- 
other. 


Pin Compatible Two ICs are pin compatible when their pin configurations are 
the same. For example, pin 7 on both ICs is GROUND, pin 1 on both is an 
input to the first INVERTER, and so on. 


Functionally Equivalent Two ICs are functionally equivalent when the logic 
functions they perform are exactly the same. For example, both contain four 
2-input NAND gates, or both contain six D flip-flops with positive-edge clock 
triggering. 

Electrically Compatible Two ICs are electrically compatible when they can be 
connected directly to each other without taking any special measures to en- 
sure proper operation. 


4000/14000 Series The oldest CMOS series is the 4000 series first intro- 
duced by RCA, and its functionally equivalent 14000 series from Motorola. Devices 
in the 4000/14000 series have very low power dissipation and can operate over a 
wide range of power-supply voltages (3 to 15 V). They are very slow compared to 
TTL and other CMOS series and have very low output current capabilities. They 
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are not pin compatible or electrically compatible with any TTL series. The 
4000/14000 series devices are rarely used in new designs except when a special- 
purpose IC is available which is not available in other series. 


74C Series This CMOS series is pin compatible and functionally equivalent 
with TTL devices having the same number. For example, a 74C74 is a dual edge- 
triggered D flip-flop that has the same pin configuration as the TTL 7474 dual 
edge-triggered D flip-flop IC. Many but not all functions that are available in TTL 
are also available in this CMOS series. This makes it possible to replace some TTL 
circuits by an equivalent CMOS design. The performance characteristics of the 74C 
series are about the same as the 4000 series. 


V4HC/HCT (High-Speed CMOS) This is an improved version of the 
74C series, which has a tenfold increase in switching speed, comparable to the 
74LS devices, and a much higher output current capability than 74C. 74HC/HCT 
ICs are pin compatible and functionally equivalent to TTL ICs with the same de- 
vice number. 74HCT devices are electrically compatible with TTL, but 74HC de- 
vices are not. This means, for example, that a 74HCT04 hex-INVERTER chip can 
replace a 74LS04 chip, and vice versa. It also means that a 74HCT IC can be con- 
nected directly to any TTL IC. The 74HC/HCT series has become the most widely 
used CMOS series. 


14AC/ACT (Advanced CMOS) This newest advanced series of CMOS de- 
vices is functionally equivalent to the various TTL series but is mot pin-compatible 
with TTL. The reason for this is that the pin placements on 74AC or 74ACT chips 
have been chosen to improve noise immunity so that the device inputs are less sen- 
sitive to signal changes occurring on other IC pins. 74AC devices are not electrically 
compatible with TTL; 74ACT devices can be connected directly to TTL. 

Device numbering for this series differs slightly from TTL, 74C, and 
74HC/HCT numbering. It uses a five-digit device number beginning with the digits 
11. The following examples illustrate: 


74AC11004 = 74HC04 
74ACT11293 = 74HCT293 


BiCMOS Logic Several IC manufacturers have developed a logic series that 
combines the best features of bipolar and CMOS logic—called BiCMOS logic. The 
low-power characteristics of CMOS and the high-speed characteristics of bipolar 
circuits are integrated to produce an extremely low-power, high-speed logic fam- 
ily. BICMOS ICs are not available in most SSI and MSI functions, but are limited to 
functions that are used in microprocessor interfacing and memory applications. 


Power-Supply Voltage The 4000/14000 series and 74C series devices will 
operate with Vpp values ranging from 3 to 15 V, which makes them very versatile. 
They can be used in low-voltage battery-operated circuits, in standard 5-V circuits, 
and in circuits where a higher supply voltage is used to attain the noise margins re- 
quired for operation in a high-noise environment. The 74HC/HCT and 74AC/ACT 
series Operate over a much narrower range of supply voltages, typically between 2 
and 6 V. 
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Whenever CMOS and TTL are used together, the supply voltage is usually 
made 5 V, so that a single 5-V power supply can serve as both Vpp for CMOS and 
Vec for TTL. In those situations where the CMOS devices are being operated from 
a supply voltage other than 5 V, special measures have to be taken if the CMOS 
and TTL devices are to be connected together. We examine these measures later. 


Logic Voltage Levels The input and output voltage levels will be differ- 
ent for the different CMOS series. Table 8-10 lists these voltage values for the vari- 
ous CMOS series as well as those for the TTL series. The values listed in the table 
assume that all devices are operating from a supply voltage of 5 V and that all de- 
vice outputs are driving inputs of the same logic family. 

Examination of this table discloses some important points. First, note that Vor 
for the CMOS devices is very close to 0 V, and Von is very close to 5 V. The reason 
for this is that the CMOS outputs do not have to source or sink any significant 
amount of current when they are driving CMOS inputs with their extremely high 
input resistance (10!* Q). Also note that except for 74HCT and 74ACT, the required 
input voltage levels are greater for CMOS than for TTL. Recall that 74HCT and 
74ACT are designed to be electrically compatible with TTL, so they must be able 
to accept the same input voltage levels as TTL. 


Noise Margins The noise margins for each series are also given in Table 
8-10. They are calculated using 


Van = VonGnin) — Vintmin) 
Vat = VirGmax) — Vor(max) 


Note that, in general, the CMOS devices have greater noise margins than TTL. The 
difference would be even greater if the CMOS devices were operated at a supply 
voltage greater than 5 V. 


Power Dissipation When a CMOS logic circuit is in a static state (not 
changing), its power dissipation is extremely low. We can see the reason by exam- 
ining each of the circuits shown in Figures 8-35 to 8-37. Note that regardless of the 
state of the output, there is always a very high resistance between the Vpp terminal 
and ground because there is always an off MOSFET in the current path. This re- 
sults in a typical CMOS dc power dissipation of only 2.5 nW per gate when Vpp = 
5 V; even at Vpp = 10 V this power increases to only 10 nW. With these values for 


Table 8-10 = Input/Output Voltage Levels Gin Volts) with Von = Vec = +5 V 
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Pp, it is easy to see why CMOS is ideally suited for applications using battery 
power or battery backup power. 


Py Increases with Frequency The power dissipation of a CMOS IC 
will be very low as long as it is in a de condition. Unfortunately, Py will increase 
in proportion to the frequency at which the circuits are switching states. For exam- 
ple, a CMOS NAND gate that has Pp = 10 nW under dc conditions will have Pp = 
0.1 mW at a frequency of 100 kpps, and 1 mW at 1 MHz. The reason for this de- 
pendence on frequency is illustrated in Figure 8-38. 

Each time a CMOS output switches from LOW to HIGH, a transient charging 
current has to be supplied to the load capacitance. This capacitance consists of the 
combined input capacitances of any loads being driven and the device’s own out- 
put capacitance. These narrow spikes of current are supplied by Vpp and can have 
a typical amplitude of 5 mA and a duration of 20 to 30 ns. Clearly, as the switching 
frequency increases, there will be more of these current spikes occurring per sec- 
ond, and the average current drawn from Vpp will increase. 

Thus, at higher frequencies, CMOS begins to lose some of its advantage over 
other logic families. As a general rule, a CMOS gate will have the same average Pp 
as a 74LS gate at frequencies near 2 to 3 MHz. For MSI chips, the situation is some- 
what more complex than stated here, and a logic designer must do a detailed 
analysis to determine whether or not CMOS has a power-dissipation advantage at 
a particular frequency of operation. 


Fan-Out Like N-MOS and P-MOS, CMOS inputs have an extremely large re- 
sistance (10'* Q) that draws essentially no current from the signal source. Each 
CMOS input, however, typically presents a 5-pF load to ground. This input capaci- 
tance limits the number of CMOS inputs that one CMOS output can drive (see Fig- 
ure 8-39). The CMOS output has to charge and discharge the parallel combination 
of all the input capacitances, so that the output switching time will be increased in 
proportion to the number of loads being driven. Typically, each CMOS load in- 
creases the driving circuit’s propagation delay by 3 ns. For example, NAND gate 1 


Figure 8-38 Current spikes are drawn from the Vpp supply each time the output 
switches from LOW to HIGH. This is due mainly to charging current of load capac- 
itance. 
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Figure 8-39 = Each CMOS input adds to the total load 
capacitance seen by the driving gate’s output. 


in Figure 8-39 might have a fpr of 25 ns if it were driving no loads; this would in- 
crease to 25 ns + 203 ns) = 85 ns if it were driving twenty loads. 

Thus, CMOS fan-out depends on the permissible maximum propagation 
delay. Typically, CMOS outputs are limited to a fan-out of 50 for low-frequency 
operation (= 1 MHz). Of course, for higher-frequency operation the fan-out would 
have to be less. 


Switching Speed Although CMOS, like N-MOS and P-MOS, has to drive 
relatively large load capacitances, its switching speed is somewhat faster because 
of its low output resistance in each state. Recall that an N-MOS output has to 
charge the load capacitance through a relatively large (100 kQ) resistance. In the 
CMOS circuit, the output resistance in the HIGH state is the Ron of the P-MOSFET, 
which is typically 1 kQ or less. This allows more rapid charging of load capaci- 
tance. 

A 4000 series NAND gate will typically have an average fa of 50 ns at Vpp = 
5 V, and 25 ns at Vopp = 10 V. The reason for the improvement in fa as Vpp is in- 
creased is that the Ron on the MOSFETs decreases significantly at higher supply 
voltages. Thus, it appears that Vpp should be made as large as possible for opera- 
tion at higher frequencies. However, the larger Vpp will result in increased power 
dissipation. 

A typical NAND gate in the 74HC or 74HCT series has an average fa of 
around 8 ns when operated at Vpp = 5 V. A 74AC/ACT NAND gate has an average 
boa Of around 4.7 ns. 


Unused Inputs CMOS inputs should never be left disconnected. All CMOS 
inputs have to be tied either to a fixed voltage level (0 V or Vpp) or to another input. 
This rule applies even to the inputs of extra unused logic gates on a chip. An un- 
connected CMOS input is susceptible to noise and static charges that could easily 
bias both the P- and N-channel MOSFETs in the conductive state, resulting in in- 
creased power dissipation and possible overheating. 
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Static-Charge Susceptibility The high input resistance of CMOS in- 
puts makes them especially prone to static-charge buildup that can produce volt- 
ages large enough to break down the dielectric insulation between the MOSFET 
gate and channel. Most of the newer CMOS devices are protected against static 
charge damage by on-chip diode-resistor networks at each input. These diodes 
are designed to turn on and limit the size of the input voltage to well below any 
damaging value. While these diodes usually do the job, sometimes they do not 
turn on quickly enough to prevent the IC from being damaged, and so it is still a 
good idea to observe the special handling precautions presented in Section 8-13. 


Latch-up Because of the unavoidable existence of parasitic (unwanted) 
PNP and NPN transistors embedded in the substrate of CMOS ICs, a condition 
known as /atch-up can occur under certain circumstances. If these parasitic transis- 
tors on a CMOS chip are triggered into conduction, they will latch-up (stay ON 
permanently) and a large current may flow and destroy the IC. Most modern 
CMOS ICs are designed with protection circuitry that helps prevent latch-up, but it 
can still occur when the device’s maximum voltage ratings are exceeded. Latch-up 
can be triggered by high-voltage spikes or ringing at the device inputs and out- 
puts. Clamping diodes can be connected externally to protect against such tran- 
sients, especially when the ICs are used in industrial environments where high- 
voltage and/or high-current load switching takes place (motor controllers, relays, 
etc.). A well-regulated power supply will minimize spikes on the Vpp line; if the 
supply also has current-limiting, it will limit current should latch-up occur. Addi- 
tionally, all unused CMOS inputs must be connected to GROUND or Vpp to reduce 
the chance that stray voltage transients appear at those inputs and trigger the de- 
vice into the latch-up condition. 


Comparison of CMOS and TTL Series Table 8-11 compares the typi- 
cal characteristics of the principal series of digital ICs. 


Table 8-11 Digital IC Series Comparison* 


74HC/HCT 74AC/ACT 4000B 74 7418 74AS 74ALS ECL 


Power dissipation 
per gate (mW) 
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REVIEW QUESTIONS 


1. Which CMOS series are pin compatible with TTL? 

2. Which CMOS series are electrically compatible with TTL? 

3. Which CMOS series are functionally equivalent to TTL? 

4. What logic family combines the best features of CMOS and bipolar logic? 
5. What factors determine CMOS fan-out? 

6. What precautions should be taken when handling CMOS ICs? 


7. WE ich IC family (CMOS, TIL, ECL) is best suited for battery-powered ap 
plications? 


8. True or false: 
(a) CMOS power drain increases oa ooo onne frequency. 
(b) Unused CMOS inputs can be left unconnected. 


(c) [ILis better suited than CMOS for operation in high noise environ- 
ments. _ 


(d) CMOS avichite speed increases with operating frequency. 
(e) CMOS switching speed increases with supply voltage. 
(f) The latch-up condition is an advantage of CMOS over TTL. 


63-16 CMOS OPEN-DRAIN AND TRISTATE OUTPUTS 


Conventional CMOS outputs should never be connected together. Figure 8-40 illus- 
trates what can happen when two CMOS INVERTER outputs are shorted together. 
The output on the left is trying to go to the HIGH state and its P-channel MOSFET 
is conducting with Ron = 1 k®. The other output is trying to go to the LOW state, 
and its N-channel MOSFET is conducting with Ron = 1 kQ. The common output 
terminal X will be at a voltage of approximately Vpp/2 because of the voltage- 
divider action between the two 1-kQ) resistances. 

This voltage is in the indeterminate range for most CMOS series (see Table 8-10) 
and is therefore unacceptable for driving other devices. Furthermore, the current 
through the two conducting MOSFETs will be much greater than normal, especially at 
higher values of Vpp, and can damage the ICs. 

It is relatively easy to recognize when two CMOS outputs have been uninten- 
tionally wired or shorted together because the signals at the outputs will have 
three different levels: (1) HIGH when both outputs are trying to be HIGH; (2) 
LOW when both are trying to be LOW; and (3) appoximately Vpp/2 when the out- 
puts are trying to be at different levels. This is illustrated in Figure 8-41. 


Open-Drain Outputs Some CMOS devices are available with open-drain 
outputs that are the counterpart to TTL open-collector outputs. In these devices, 
the output stage consists only of an N-channel MOSFET whose drain is uncon- 
nected since the upper P-channel MOSFET has been eliminated. An external pull-up 
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+Vpop 
OFF 
= Vpp/2 
+Vop N ; ON 


Figure 8-40 When CMOS outputs are shorted together, 
the common output terminal will be approximately Vpp/2 if 
the outputs are “trying” to be at different levels. 


Figure 8-41 If two ordinary CMOS outputs are 
shorted together, the shorted outputs will be at ~ 
Vpp/2 when the outputs are trying to be different. 
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+Vop 


74HCO5 74HC125 


Figure 8-42 (a) CMOS open-drain devices in wired-AND connection; (b) CMOS 
tristate outputs are in bus arrangement. 


resistor is needed to produce a HIGH-state voltage level. Like open-collector out- 
puts, open-drain outputs can be wired-ANDed. Figure 8-42(a) shows three 74HC05 
open-drain INVERTERs connected in a wired-AND arrangement. 


Tristate Outputs Several CMOS ICs have tristate outputs whose operation 
is similar to TTL tristate outputs. Everything we said about tristate TTL can be ap- 
plied to CMOS tristate. CMOS tristate outputs can be connected together in a bus 
arrangement provided that only one output is enabled at one time. Figure 8-42(b) 
shows three 74HC125 tristate buffers connected in a bus arrangement. 


SUA m2) ESTIONS 


bie 


2 What: is an Open- -drain p output? _ | - ce | : 


8-17 CMOS TRANSMISSION GATE (BILATERAL SWITCH) 


A special CMOS circuit that has no TTL or ECL counterpart is the transmission gate 
or bilateral switch, which acts essentially as a single-pole, single-throw switch con- 
trolled by an input logic level. This transmission gate will pass signals in both di- 
rections and is useful for digital and analog applications. 

Figure 8-43(a) is the basic arrangement for the bilateral switch. It consists of 
a P-MOSFET and an N-MOSFET in parallel so that both polarities of input voltage 
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Input 


Control 


Control 


Input — @— Output 


Output 


Control input Switch 


| Open (OFF) 
| | Closed (ON) 


Figure 8-43 CMOS bilateral switch (transmission gate). 


can be switched. The CONTROL input and its inverse are used to turn the switch 
on (closed) and off (open). When the CONTROL is HIGH, both MOSFETs are 
turned on and the switch is closed. When CONTROL is LOW, both MOSFETs are 
turned off and the switch is open. Ideally, this circuit operates like an electro- 
mechanical relay. In practice, however, it is not a perfect short circuit when the 
switch is closed; the switch resistance Ron is typically 200 0. In the open state, 
the switch resistance is very large, typically 10!* Q, which for most purposes is 
an open circuit. The symbol in Figure 8-43(b) is used to represent the bilateral 
switch. 

This circuit is called a bilateral switch because the input and output terminals 
can be interchanged. The signals applied to the switch input can be either digital 
or analog signals, provided that they stay within the limits of 0 to Vpp volts. 

Figure 8-44(a) shows the traditional logic diagram for a 4016 quad bilateral 
switch IC, which is also available in the 74HC series as a 74HC4016. The IC con- 
tains four bilateral switches that operate as described above. Each switch is inde- 
pendently controlled by its own control input. For example, the ON/OFF status 
of the top switch is controlled by input CONT y. Since the switches are bidirec- 
tional, either switch terminal can serve as input or output, as the labeling indi- 
cates. 

The IEEE/ANSI symbol for this IC is shown in Figure 8-44(b). Each small 
rectangle contains one bilateral switch, but, as is customary, only the top rectan- 
gle is labeled with the internal IEEE dependency notation. Looking at the top 
rectangle, the control input is labeled as X1. The “X” is the symbol used to de- 
note a control input that controls the bidirectional transmission between like- 
numbered input/output terminals. The “1” in the label X1 indicates that this con- 
trol input controls the transmission between the terminals with the internal label 
1. Outside the rectangle, a double-ended arrow is shown on the switch terminals 
to denote their bidirectional operation. The “horseshoe” is used to indicate that 
these terminals can handle analog signals, and are not restricted to digital levels. 
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Figure 8-44 The 4016/74HC4016 quad bilateral switch: (a) traditional logic symbol; (b) IEEE/ANSI 


symbol. 


EXAMPLE 8-16 


Describe the operation of the circuit of Figure 8-45. 


solution 


Here two of the bilateral switches are connected so that a common analog input 
signal can be switched to either output X or output Y, depending on the logic state 
of the OUTPUT SELECT input. When OUTPUT SELECT is LOW, the upper switch 
is closed and the lower one is open so that Vin is connected to output X. When 
OUTPUT SELECT is HIGH, the upper switch is open and the lower one is closed 
so that Vin is connected to output Y. Figure 8-45(b) shows some typical wave- 
forms. Note that for proper operation, Vin must be within the range 0 V to +Vpp. 
The 4016/74HC4016 bilateral switch can switch only input voltages that lie 
between 0 V and Vpp, and so it could not be used for signals that were both posi- 
tive and negative relative to ground. The 4316 and 74HC4316 ICs are quad bilat- 
eral switches that can switch bipolar analog signals. These devices have a second 
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power-supply terminal called Vez, which can be made negative with respect to 
ground. This permits input signals that can range from Vz to Vop. For example, 
with Veg = —5 V and Vpp= +5 V, the analog input signal can be anywhere from 


—5 Vto +5 V. 
J4HCO4 
OUTPUT 
SELECT +5V -- 
74HC4016 
Vin 
OV 
x 45 V/ 
OUTPUT 
SELLE 
OV 
| | 
: ! 
| 
Y 3 V | ! 
| 
| | 
OV | 
| 
5V | 
Y | 
| 
OV 
(a) (b) 


Figure 8-45 Example 8-16; 74HC4016 bilateral switches used to switch an analog signal to two different 
outputs. 


REVIEW QUESTION 


8-18 IC INTERFACING 


Interfacing means connecting the output(s) of one circuit or system to the input(s) 
of another circuit or system that has different electrical characteristics. Often a di- 
rect connection cannot be made because of the difference in the electrical charac- 
teristics of the driver circuit that is providing the output signal and the /oad circuit 
that is receiving the signal. 

An interface circuit is a circuit connected between the driver and the load; 
its function is to take the driver output signal and condition it so that it is compati- 
ble with requirements of the load. 
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In the following sections we will address the problems involved in interfac- 
ing devices from one logic family to those of a different logic family. This type of 
interfacing occurs quite often in the more complex digital systems, where design- 
ers utilize different logic families for different parts of the system in order to take 
advantage of the strong points of each family. For example, high-speed TTL (74AS, 
74S) might be used in those parts of the system that are operating at the highest 
frequency, 74HCT in the slower parts of the system, and N-MOS for the LSI and 
VLSI parts of the system. 

ICs from the same logic series are designed to be connected together with- 
out any special considerations, provided that the fan-out limitation of each output 
is not exceeded. When you connect the output of an IC to the input of an IC 
from a different logic family or a different series within the same logic family, 
you generally have to be concerned with the voltage and current parameters of 
the two devices. This usually involves checking the device data sheets for values 
of input and output current/voltage parameters. Table 8-10, which we have been 
using, has the input/output voltage parameters for the various IC series. These 
values will generally be valid for most devices in the series indicated. Table 8-12 
lists the input/output current values for standard devices in the various CMOS 
and TTL series: that is, for ICs with no special input or output circuitry. These 
values are not valid for devices such as buffers which have greater output current 
capability, or for ICs whose external inputs are internally connected to more than 
one gate on the chip. We use these two tables in the following sections to 
demonstrate the ideas and procedures for IC interfacing, but it should be under- 
stood that, in practice, it is best to consult individual IC data sheets to get the ac- 
tual voltage and current values. 


Table 8-12 = Input/Output Currents for Standard Devices with 
Supply Voltage of 5 V 


CMOS TIL 
Parameter 4000B 74HC/HCT 74AC/ACT 74 74LS 744S 74ALS_ 
40 pA 20pA 200pA 20pA 


Jiu(max) 1 pA 1 pA 1 pA 

f(max) 1 pA 1 pA 1 mA 16mA 04mA 2mA 100uA | 
Ion(max) O04mA 4mA 24mA |04mA 04mA 2mA 400 pA 
Iox(max) O04mA 4mA 24 mA 


16mA 8mA 20mA 8mA _ 


8-19 TTL DRIVING GMOS 


When interfacing different types of ICs, we must check that the driving device can 
meet the current and voltage requirements of the load device. Examination of 
Table 8-12 indicates that the input current values for CMOS are extremely low 
compared with the output current capabilities of any TTL series. Thus, TTL has no 
problem meeting the CMOS input current requirements. 

There is a problem, however, when we compare the TTL output voltages 
with the CMOS input voltage requirements. Table 8-10 shows VoHGmin) of every 
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Figure 8-46 External pull-up resistor is used when 
TTL drives CMOS. 


TTL series is too low when compared with the Vin(min) requirement of the 4000B, 
74HC, and 74AC series. For these situations, something must be done to raise the 
TTL output voltage to an acceptable level for CMOS. 

The most common solution to this interface problem is shown in Figure 8-46, 
where the TTL output is connected to +5 V with a pull-up resistor. The presence 
of the pull-up resistor will cause the TTL output to rise to approximately 5 V in the 
HIGH state, thereby providing an adequate CMOS input voltage level. This pull-up 
resistor is not required if the CMOS device is a 74HCT or 74ACT because these se- 
ries are designed to accept TTL outputs directly as Table 8-10 shows. 


TTL Driving High-Voltage CMOS If the CMOS IC is operating with 
Von greater than 5 V, the situation becomes somewhat more difficult. For example, 
with Vpp = 10 V, the CMOS input requires Viqgdmin) = 7 V. The outputs of many 
TTL devices cannot be operated at more than 5 V, and so a pull-up resistor con- 
nected to +10 V is prohibited. The LS-TTL series from certain manufacturers (e.g., 
Fairchild) can operate with an output pull-up to 10 V. In general, the device’s data 
sheet should be checked before using a pull-up to more than 5 V. 

When the TTL output cannot be pulled up to Vpp, there are some alterna- 


tives. One common solution is shown in Figure 8-47, where a 7407 open-collector 


Figure 8-47 <A 7407 open-collector buffer can be used to 
interface TTL to high-voltage CMOS. 


+10 V 
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buffer is used as the interface between a TTL totem-pole output and CMOS operat- 
ing at Vpp > 5 V. The 7407 is the noninverting counterpart of the 7406 and has an 
output voltage rating of 30 V. 

Another solution is to utilize a level-translator circuit such as the 40104. 
This is a CMOS chip that is designed to take a low-voltage input (e.g., from TTL) 
and translate it to a high-voltage output for CMOS. 


REVIEW QUESTIONS 


1. What has to be done to interface a standard T TL output to a 4000B or 
_74HC input? Assume that Vpp = = +5 Vv 


. 2 What ar are > the | various eee to > interface 1 1 Tht to o high-voltage CMOS? 


8-20 GMOS DRIVING TTL 


Before we consider the problem of interfacing CMOS outputs to TTL inputs, it will 
be helpful to review the CMOS output characteristics for the two logic states. 

Figure 8-48(a) shows the equivalent output circuit in the HIGH state. The Ron 
of the P-MOSFET connects the output terminal to Vnp (remember, the N-MOSFET 
is off). Thus, the CMOS output circuit acts like a Vpp source with a source resis- 
tance of Ron. The value of Ron typically ranges from 100 to 1000 ohms. 

Figure 8-48(b) shows the equivalent output circuit in the LOW state. The Ron 
of the N-MOSFET connects the output terminal to ground (remember, the P- 
MOSFET is off). Thus, the CMOS output acts as a low resistance to ground; that is, it 
acts as a current sink. 


CMOS Driving TTL in the HIGH State Table 8-10 shows that CMOS 
outputs can easily supply enough voltage (Von) to satisfy the TTL input require- 


ment in the HIGH state (Viy). Table 8-12 shows that CMOS outputs can supply 


Figure 8-48 Equivalent CMOS output circuits for both logic states. 


+Vpop +Vop 


HIGH state 
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more than enough current Cou) to meet the TTL input current requirements (fy). 
Thus, no special consideration is needed for the HIGH state. 


CMOS Driving TTL in the LOW State Table 8-12 shows that TTL in- 
puts have a relatively high input current in the LOW state, ranging from 100 wA to 
2 mA. The 74HC and 74HCT series can sink up to 4 mA, and so they would have 
no trouble driving a single TTL load of any series. The 4000B series, however, is 
much more limited. Its low Jo, capability is not sufficient to drive even one input 
of the 74 or 74AS series. 


EXAMPLE 8-17 


How many 74LS inputs can be driven by a 74HC output? Repeat for a 4000B out- 
put. 


solution 


The 74LS series has 4,(max) = 0.4 mA. The 74HC can sink up to Jo.Gmax) = 4 mA. 
Thus, the 74HC can drive ten 74LS loads (4 mA/0.4 mA = 10). 
The 4000B can sink only 0.4 mA, and so it can drive only one 74LS input. 


EXAMPLE 8-18 


How many 74ALS inputs can be driven by a 74HC output? Repeat for a 4000B out- 
put. 


Solution 


The 74ALS series has f,(Gmax) = 100 wA. Thus, the 74HC can drive forty 74ALS inputs 
(4 mA/100 wA = 40). A 4000B can drive four 74ALS inputs (0.4 mA/100 wA = 4). 


EXAMPLE 8-19 


What’s wrong with the circuit in Figure 8-49(a)? 


Solution 
The 74HCO0O can sink 4 mA, but the three 74AS inputs require 3 X 2 mA = 6 mA. 


EXAMPLE 8-20 


What's wrong with the circuit in Figure 8-49(b)? 


Solution 


The 4001B NOR gate can sink 0.4 mA, but the three 74LS inputs require 3 X 0.4 mA 
= 1.2 mA. 


CHAPTER 8 / INTEGRATED-CIRCUIT LOGIC FAMILIES 


74HCOO 


74AS00 


74AS00 


74AS04 


74LS04 


4001B 
74LS00 


74LS04 


(b) 


Figure 8-49 Examples 8-19 and 8-20. 


For situations like those in Figure 8-49, some type of interface circuit is 
needed between the CMOS and TTL devices. The interface circuit should have a 
low input current requirement and a sufficiently high output current rating to drive 
the loads. Figure 8-50 shows two possible interfaces for the case of Figure 8-49(b). 
In Figure 8-50(a) the CMOS 4050B is a noninverting buffer that has an output cur- 
rent rating of /o.(max) = 3 mA so that it can easily drive the three 74LS loads. In 
Figure 8-50(b) the 74LS125 is a permanently enabled noninverting tristate buffer 
Which can be driven by the 4001B. Its output can easily drive the 74LS loads. In 
both of these circuits, the interface buffer simply passes the 4001B output signal to 
the 74LS loads. 


High-Voltage CMOS Driving TTL Some IC manufacturers have pro- 
duced several 74LS TTL devices that can withstand input voltages as high as 15 V. 
These devices can be driven directly from CMOS outputs operating at Vpp = 15 V. 
Most TTL inputs cannot handle more than 7 V before becoming damaged, and so 
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4001B 4050B 


Figure 8-50 Buffers used to in- 
terface low-current CMOS to 74LS 
(b) inputs. 


74LS inputs 


Vop = +15 V +5 V 


74LS00 JO 


Figure 8-51 <A 4050B buffer can also serve as a level translator between high- 
voltage CMOS and TTL. 


an interface is necessary if they are to be driven from high-voltage CMOS. The in- 
terface functions as a voltage-level translator that converts the high-voltage input 
to a 5-V output that can be connected to TTL. Figure 8-51 shows how the 4050B 
performs this level translation between 15 V and 5 V. 


REVIEW QUESTIO 
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G-21  LOW-VOLTAGE TECHNOLOGY 


IC manufacturers are continually looking for ways to put semiconductor devices 
(diodes, resistors, transistors, etc.) closer together on a chip, that is, to increase 
the chip density. This higher density has at least two major benefits: first, it al- 
lows more circuits to be packed onto the chip; second, with the circuits closer 
together, the time for signals to propagate from one circuit to another will de- 
crease, thereby improving overall circuit operating speed. There are also draw- 
backs to higher chip density. When circuits are placed closer together, the insu- 
lating material that isolates one circuit from another is narrower. This decreases 
the amount of voltage the device can withstand before dialectric breakdown oc- 
curs. Increasing the chip density will increase the overall chip power dissipation, 
which can raise the chip temperature above the maximum level allowed for reli- 
able operation. 

These drawbacks can be neutralized by operating the chip at lower voltage 
levels. IC manufacturers are doing just that by developing a new line of logic de- 
vices that operates from a nominal power supply voltage of 3.3 V instead of the 
current 5-V standard. This low-voltage technology (LVT) may very well signal the 
beginning of a gradual transition in the digital equipment field that will eventu- 
ally find all digital ICs operating from a new 3.3-V standard. 

LVT devices are currently designed for applications ranging from electronic 
games to engineering workstations. The newer microprocessors (486, 586) are 
3.3-V devices; a 3.3-V, 16-Mbit dynamic RAM chip is on the horizon. The low- 
voltage operation is particularly valuable in battery-operated equipment, where the 
number of required battery cells is reduced from three to two. 

There are several 3.3-V logic series being developed. The one with the best 
performance characteristics is the 74LVT series, which is pin compatible and elec- 
trically compatible with TTL. This series is fabricated using BiCMOS technology 
and has the following characteristics: 


Voc 2.7 to 3.6 V 
foa(max) 4.0 ns 
Pp 0.33 mW 
Input/output 
voltage levels same as standard TTL family 
Output current Jon = 32 mA; Jor = 64 mA 


LVT devices can act as the interface between logic circuits operating at 3.3 
V and logic circuits operating at 5 V. This is illustrated in Figure 8-52, where LVT 
devices connect a 3.3-V motherboard with a 5-V DRAM memory. Digital techni- 
cians and engineers can no longer assume that every IC in a digital circuit, sys- 
tem, or piece of equipment is operating at 5 V, and they must be prepared to 
deal with the necessary interfacing considerations in mixed-voltage systems. 

The continued development of LVT promises to bring about a complete evo- 
lution from the present 5-V systems, to mixed-voltage systems, and finally, to pure 
3.3-V designs. Although 5-V logic will be with us for quite a while yet, its days ap- 
pear to be numbered. 
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3.3 


Motherboard 


Figure 8-52  LVT circuits can act as interface between 3.3-V circuits and 5-V 
circuits. 


REVIEW QUESTIONS 


1. What are two advantages of higher-density ICs? 
2. What are two drawbacks? : : 
3. What is the minimum HIGH voltage at a 74LVT input? 


8-22 TROUBLESHOOTING 


A logic pulser is a testing and troubleshooting tool that generates a short-duration 
pulse when manually actuated, usually by pressing a pushbutton. The logic pulser 
shown in Figure 8-53 has a needle-shaped tip that is touched to the circuit node 
that is to be pulsed. The logic pulser is designed so that it senses the existing volt- 
age level at the node and produces a voltage pulse in the opposite direction. In 
other words, if the node is LOW, the logic pulser produces a narrow positive- 
going pulse; if the node is HIGH, it produces a narrow negative-going pulse. 


Figure 8-53 A logic pulser can inject a pulse at any node that is not shorted di- 
rectly to ground or Voc 
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The logic pulser is used to momentarily change the logic level at a circuit 
node even though the output of another device may be connected to that same 
node. In Figure 8-53 the logic pulser is contacting node X, which is also connected 
to the output of the NAND gate. The logic pulser has a very low output imped- 
ance (typically 2 Q or less), so that it can overcome the NAND gate’s output and 
can change the voltage at the node. The logic pulser, however, cannot produce a 
voltage pulse at a node that is shorted directly to ground or Vcc (e.g., through a 
solder bridge). 


Using Logic Pulser and Probe to Test a Circuit A logic pulser 
can be used to manually inject a pulse or series of pulses into a circuit in order to 
test the circuit's response. A logic probe is almost always used to monitor the cir- 
cuit’s response to the logic pulser. In Figure 8-53, the J-K flip-flop’s toggle opera- 
tion is being tested by applying pulses from the logic pulser and monitoring O 
with the logic probe. This logic pulser/logic probe combination is very useful for 
checking the operation of a logic device while it is wired into a circuit. Note that 
the logic pulser is applied to the circuit node without disconnecting the output of 
the NAND gate that is driving that node. 


Finding Shorted Nodes The logic pulser and logic probe can be used to 
check for nodes that are shorted directly to ground or Vec. When you touch a 
logic pulser and logic probe to the same node and press the logic pulser button, 
the logic probe should indicate the occurrence of a pulse at the node. If the probe 
indicates a constant LOW, the node is shorted to ground; if the probe indicates a 
constant HIGH, the node is shorted to Vec 


The Current Tracer A current tracer is a troubleshooting tool that can 
detect a changing current in a wire or printed-circuit-board trace without breaking 
the circuit. The current tracer has an insulated tip that contains a magnetic pickup 
coil. When the tip is placed at a point in the circuit, it senses a changing magnetic 
field produced by a changing current and causes a small indicator LED to flash. 
The current tracer does not respond to static current levels, no matter how great 
the current may be. It only responds to a change in current level. 

A current tracer is used with a logic pulser to trace the exact location of 
shorts to ground or Vcc. This is illustrated in Figure 8-54, where node X is shorted 
to ground through the internal short at gate 2’s input. If the logic pulser is touched 
to X and its button is pressed, no voltage pulse will be detected, because of the 
short to ground. However, there will be a pulse of current flowing from the 
pulser’s Output to ground through the short. This current pulse can be detected by 
a current tracer. 

In Figure 8-54(a), the current tracer is placed to the left of X and the logic 
pulser is pulsed. The tracer will indicate no current pulse through the path it is 
monitoring. In Figure 8-54(b), the tracer is moved to the other side of X. This time 
when the logic pulser is pulsed, the current tracer will indicate the occurrence of a 
current pulse through the path it is monitoring. This proves that the short to 
ground is inside gate 2’s input rather than gate 1’s output. 

The current tracer/logic pulser combination is very useful in troubleshooting 
circuits where many open-collector, open-drain, or tristate Outputs are connected 
to a common point that is stuck LOW or HIGH. Any one of the outputs can be 
producing the fault, and the current tracer/logic pulser technique used above can 
be employed to track down the faulty output. 
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Figure 8-54 Logic pulser and current tracer can be used to trace shorted 
nodes. 


REVIEW QUESTIONS 


. What is the function of a logic pulser? 


1 
2. irue or false: A logic pulser will produce a \ volta e 
3. What is the function of a current tracer? . 
4 


PROBLEMS 


(Data sheets for the ICs referred to in these problems may be found in Appendix 
Il.) 


SECTIONS 8-1 TO 8-3 


8-1. Two different logic circuits have the characteristics shown in Table 8-13. 
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Table 8-13 


CircuitA Circuit B 


Voupply (V) 6 a 
Vie(min) CV) 16 iB 
Vicmax) (V) 09... 0.7 
Vou(nin) CV) 22 2) 
Vom (VY) G4 Cs. 
tpt (ns) ee 

be (HE) = - oo. 

Pp (mW) 16 


(a) Which circuit has the best LOW-state dc noise immunity? The best 
HIGH-state dc noise immunity? 

(b) Which circuit can operate at higher frequencies? 

(c) Which circuit draws the most supply current? 


8-2. Refer to Appendix II for the IC data sheets and use maximum values to 
determine Pp(avg), halavg), and speed—power product for one gate on 
each of the following TTL ICs. (See Example 8-2 in Section 8-3.) 
(a) 7432 (Cb) 74832 (c) 74LS20 (d) 74ALS20 (e) 74A820 
8-3. A certain logic family has the following voltage parameters: 
VinGmnin) = 3.5 V Vmax) = 1.0 V 
Von(nin) = 4.9 V VoLGmax) = 0.1 V 
(a) What is the largest positive-going noise spike that can be tolerated? 
(b) What is the largest negative-going noise spike that can be tolerated? 
DRILL QUESTION 


8-4. For each statement, indicate the term or parameter being described. 


(a) Current at an input when a logic 1 is applied to that input 

(b) Current drawn from the Vcc source when all outputs are LOW 

(c) Time required for an output to switch from the 1 to the 0 state 

(d) A common measure used to compare overall performance of different 
IC families 

(e) The size of voltage spike that can be tolerated on a HIGH input 
without causing indeterminate operation 

(f) An IC package that does not require holes to be drilled in the printed 
circuit board 

(g) When a LOW output receives current from the input of the circuit it is 
driving 

(h) Number of different inputs that an output can safely drive 

G) Arrangement of output transistors in a standard TTL circuit 

(j) Another term that describes pull-down transistor QO, 

(k) Range of Vcc values allowed for 74 series TTL 

QQ) Von(min) and VigGmin) for 74 series 

(m) Viz.(max) and Vo.(max) for 74 series 

(n) When a HIGH output supplies current to a load 
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SECTION 8-4 


8-5. (a) From Table 8-6 determine noise margins when a 74LS device is driving 
a 74ALS input. 
(b) Repeat for a 74ALS driving a 74LS. 
(c) What will be the overall noise margin of a logic circuit that uses 74LS 
and 74ALS circuits in combination? 
(d) A certain logic circuit has a ViiGmax) = 450 mV. Which TTL series can 
be used with this circuit? 


SECTIONS 8-5 AND 8-6 


8-6. DRILL QUESTION 

(a) Define unit load. 

(b) In which type of gates do tied-together inputs always count as a 
single load in the LOW state? 

(c) Define “floating” inputs. 

(d) What causes current spikes in TTL? What undesirable effect can they 
produce? What can be done to reduce this effect? 

(e) When a TTL output drives a TTL input, where does Jo, come from? 
Where does Jon go? 


8-7. Refer to the data sheet for the 74LS112 J-K flip-flop. 
(a) Determine the input loading factor at the /and K inputs. 
(b) Determine the input loading factor at the clock and clear inputs. 
(c) How many other 74LS112s can the output of one 74LS112 drive at the 
clock input? 

8-8. Figure 8-55(a) shows a 74LS112 J-K flip-flop whose output is required to 
drive a total of 8 UL. Since this exceeds the fan-out of the 74LS112, a 
buffer of some type is needed. Figure 8-55(b) shows one possibility using 
one of the NAND gates from the 74LS37 quad NAND buffer, which has a 
much higher fan-out than the 74LS112. Note that OQ is used since the 
NAND is acting as an INVERTER. Refer to the data sheet for the 74LS37. 
(a) Determine its fan-out. 

(b) Determine its maximum sink current in the LOW state. 


Figure 8-55 


74LS112 oe 74LS112 


74.537 
buffer 
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8-9. 


8-10. 


A 
B 


Buffer gates are generally more expensive than ordinary gates, and some- 
times there are unused ordinary gates available that can be used to solve a 
loading problem such as that in Figure 8-55(a). Show how 74LS00 NAND 
gates can be used to solve this problem. 

Refer to the logic diagram of Figure 8-56, where the 7486 exclusive-OR 
output is driving several 7420 inputs. Determine whether the fan-out of 
the 7486 is being exceeded, and explain. Repeat using all 74LS devices. 


1 
ra 7486 


H 
es 


x< 


All NAND gates 
are 7420s 


all 7420's 


Figure 8-56 


8-11. 


8-12. 


8-13. 


How long does it take for the output of a typical 74LS04 to change states 
in response to a positive-going transition at its input? 

For the circuit of Figure 8-56 determine the longest time it will take for a 
change in the A input to be felt at output W. Use all worst-case conditions 
and maximum values of gate propagation delays. (Hint: Remember that 
NAND gates are inverting gates.) Repeat using all 74LS devices. 


(a) Figure 8-57 shows a 74193 counter with its active-HIGH master reset 
input activated by a pushbutton switch. Resistor R is used to hold MR 
LOW while the switch is open. What is the maximum value that can be 
used for R? 

(b) Repeat for the 74LS193. 
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74193 


= Figure 8-57 


a 8-14. Figure 8-58(a) shows a circuit that is used to convert a 60-Hz sine wave to 
sy a 60-pps signal that can reliably trigger FFs and counters. This type of cir- 
“A/S cuit might be used in a digital clock. 

(a) Explain the circuit operation. 

(b) A technician is testing this circuit and observes that the 74LS14 output 
stays LOW. He checks the waveform at the INVERTER input and it 
appears as shown in Figure 8-58(b). Thinking that the INVERTER is 
faulty, he replaces the chip and observes the same results. What do 
you think is causing the problem, and how can it be fixed? (Hint: 
Examine the v, waveform carefully.) 


4.7K 7FALSia 60 pps 
110 VAC ae Ae SLE. Aag= 
60 Hz , Vx 
| 1V 
(b) 


Figure 8-58 


a 8-15. For each waveform in Figure 8-59, determine why it will not reliably trig- 
ger a 74LS112 flip-flop at its CLK input. 


a 8-16. A technician breadboards a logic circuit for testing. As she tests the 
circuit’s operation, she finds that many of the FFs and counters are trigger- 
ing erratically. Like any good technician, she checks the Vcc line with a 
dc meter and reads 4.97 V, which is acceptable for TTL. She then checks 
all circuit wiring and replaces each IC one by one, but the problem 
persists. Finally she decides to observe Vcc on the scope and sees the 
waveform shown in Figure 8-60. What is the probable cause of the noise 
on Vec? What did the technician forget to include when she breadboarded 


the circuit? 
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Figure 8-59 
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Figure 8-60 


SECTIONS 8-7 AND 8-8 


8-17. DRILL QUESTION 


8-18. 


8-19. 
8-20. 


8-21. 


(a) Define wired-AND. 

(b) What is a pull-up resistor? Why is it used? 

(c) What types of TTL outputs can be safely tied together? 
(d) What is bus contention? 


The 7409 TTL IC is a quad two-input AND with open-collector outputs. 
Show how 7409s can be used to implement the operation x= A: B:C: 
D:E-F+G:H:+I-J:K:M. 

Determine the logic expression for output X in Figure 8-61. 


Which of the following would be most likely to destroy a TTL totem-pole 

output while it is trying to switch from HIGH to LOW? 

(a) Tying the output to +5 V 

(b) Tying the output to ground 

(c) Applying an input of 7 V 

(d) Tying the output to another TTL totem-pole output 

Figure 8-62(a) shows a 7406 open-collector inverting buffer used to control 

the ON/OFF status of an LED to indicate the state of FF output Q. The LED’s 

nominal specification is Ve = 2.4 V at / = 20 mA, and #Gnax) = 30 mA. 

(a) What voltage will appear at the 7406 output when QO = 0? 

(b) Choose an appropriate value for the series resistor for proper 
operation. 
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Figure 8-62 


8-22. 


8-23. 


+5 V 


1 kQ 
74LS01 
A +5 V 
& 
B 
Rp 
C | a 
ott] bt, 
D = 4 
E 
é 
F 
Figure 8-61 
45 V £12 V 
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7406 


In Figure 8-62(b) the 7406 output is used to switch current to a relay. 
(a) What voltage will be at the 7406 output when Q = 0? 

(b) What is the largest current relay that can be used? 

(c) Why can’t a 7405 open collector be used here? 


Figure 8-63 shows how two tristate buffers can be used to construct a 
bidirectional transceiver that allows digital data to be transmitted in either 
direction (A to B, or Bto A). Describe the circuit operation for the two 
states of the DIRECTION input. 
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Direction 


Figure 8-63 


8-24. The circuit of Figure 8-64 is used to provide the enable inputs for the cir- 
cuit of Figure 8-27. 
(a) Determine which of the data inputs (A, B, or C) will appear on the 
bus for each combination of inputs xand y. 
(b) Explain why the circuit will not work if the NOR is changed to an 
EX-NOR. 


To En 


To Ep 


To Ec 
Figure 8-64 


SECTIONS 8-10 TO 8-13 


8-25. The circuit of Figure 8-65 is an N-MOS logic gate. Determine what type of 
gate it is. Use +16 V = logic 1 and 0 V = logic 0. 


8-26. Draw the circuitry for an NMOS OR gate. 
8-27. Which of the following are advantages that N-MOS logic has over TTL? 


(a) Greater packing density (f) Complementary outputs 

(b) Greater operating speed (g) Greater noise immunity 

(c) Greater fan-out (Ch) Simpler fabrication process 
(d) More suitable for LSI (i) More SSI and MSI functions 
(e) Lower Pp (j) Lower supply-voltage requirement 
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Figure 8-65 


SECTIONS 8-14 AND 8-15 


8-28. 


8-29. 


8-30. 


8-31. 


8-32. 


8-33. 


Which of the following are advantages that CMOS generally has over TTL? 


(a) Greater packing density (f) More suited for LSI 

(b) Higher speed (g) Lower Pp (below 1 MHz) 

(c) Greater fan-out (h) Transistors as only circuit element 
(d) Lower output impedance (i) Lower input capacitance 

(e) Simpler fabrication process (j)_ Less susceptible to ESD 

Which of the following operating conditions will probably result in the 


lowest average Pp for a CMOS logic system? Explain. 

(a) Vpp =5V, switching frequency fnax = 1 MHz 

(b) Vop =5 V, fmax = 10 kHz 

(c) Vop = 10 V, ies = 10 kHz 

The output of each INVERTER on a 74LS04 IC is driving two 74HCTO08 in- 
puts. The input to each INVERTER is LOW over 99 percent of the time. 
How much power does the 74LS04 chip dissipate? 

Use the values from Table 8-10 to calculate the HIGH state noise margin 
when a 75HC gate drives a standard 74LS input. 

What will cause latch-up in a CMOS IC? What might happen in this condi- 
tion? What precautions should be taken to prevent latch-up? 

Refer to the data sheet for the 74HC20 NAND gate IC in Appendix II. Use 
maximum values to calculate Pp(avg), ha(avg), and speed—power product. 
Compare with the values calculated in Problem 8-2 for TTL. 


SECTIONS 8-16 AND 8-17 
8-34. 


Determine the approximate values of Vour for both states of the CON- 
TROL input in Figure 8-66. 
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+5 V 


68 kQ 74HC4016 


CONTROL 


Figure 8-66 


8-35. Determine the waveform at output X in Figure 8-67 for the given input 
waveforms. Assume that Ron ~ 200 Q for the bilateral switch. 


74HC4016 


74HC4016 


O& 

z 
ie) NO 
— = 


Figure 8-67 


SO: 8-36. Determine the gain of the op-amp circuit of Figure 8-68 for the two states 
a of the GAIN SELECT input. This circuit shows the basic principle of digi- 
tally controlled signal amplification. 
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Figure 8-68 


SECTIONS 8-18 TO 8-20 


8-37. DRILL QUESTION 
(a) Which CMOS series can have its inputs driven directly from a TTL output? 
(b) What is the function of a level translator? When is it used? 
(c) Why is a buffer required between some CMOS outputs and TTL inputs? 
(d) True or false: Most CMOS outputs have trouble supplying the TTL 
HIGH-state input current. 

a 8-38. Refer to Figure 8-69(a), where a standard TTL output, Q, is driving a 
CMOS INVERTER operating at Von = 10 V. The waveforms at Q and X ap- 
pear as shown in Figure 8-69(b). Which of the following is a possible rea- 
son why X stays HIGH? 

(a) The 10-V supply is faulty. 
(b) The pull-up resistor is too large. 


Figure 8-69 
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*For 4049B at Vop = 10 V: 
Vi. (max) = oV 
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(c) The 74LS112 output breaks down at well below 10 V and maintains a 
5.5-V level in the HIGH state. This is in the indeterminate range for 
the CMOS input. 

(d) The CMOS input is loading down the TTL output. 


8-39. (a) Use Table 8-12 to determine how many 74AS inputs can typically be 
driven by a 4000B output. 
(b) Repeat for a 74HC output. 
a 8-40. Figure 8-70 is a logic circuit that was poorly designed. It contains at least 
eight instances where the characteristics of the ICs have not been properly 
taken into account. Find as many of these as you can. 
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Oph, 0 | 


outputs 


40018. 
Jeg LD: 
| 
74S112< 5 | : . 3 
E 


Figure 8-70 


a 8-41. Repeat Problem 8-40 with the following changes in the circuit: 


m Each TTL IC is replaced with its 74LS equivalent. 
m The 4001B is replaced with a 74HCTO2. 
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8-42. Use Table 8-12 to explain why the circuit of Figure 8-71 will not work as it 
is. How can the problem be corrected? 


74HCOO ; 7402 


C 


Figure 8-71 


SECTION 8-21 


4 8-43. The circuit in Figure 8-72 uses a 74HC05 IC which contains six open-drain 
INVERTERs. The INVERTERs are connected in a wired-AND arrangement. 
Using a pulser and logic probe, it is determined that node X is stuck in the 
HIGH state. Describe a procedure for using a current tracer to isolate the 


fault. 
Figure 8-72 
T4HCO5 
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Oe. The circuit of Figure 8-53 has a solder bridge to ground somewhere be- 
tween the output of the NAND gate and the input of the FF. Describe a 
procedure for tracking down the location of the solder bridge. 


a 8-45. In Figure 8-46 a logic probe indicates that the lower end of the pull-up re- 
sistor is stuck in the LOW state. Using a logic pulser and current tracer a 
technician detects a current in the wire connecting the TTL output to the 
resistor. Which of the following is the possible fault? 

(a) kp is open. 
(b) The TTL gate’s current-sinking transistor has a collector-emitter short. 
(c) There is a break in the connection from Rp to the CMOS gate. 


4%. In Figure 8-46 a logic probe indicates that the lower end of &p is stuck 
HIGH. A logic pulser and current tracer are used to detect a current in the 
path connecting Rp to the CMOS gate. What is the probable fault? 


MICROCOMPUTER APPLICATION 


@: 8-47. In Section 5-20, Figure 5-50, we saw how a microprocessor (MPU), under 
. software control, transfers data to an external register. The diagram is re- 
peated in Figure 8-73. Once the data are in the register, they are stored 
there and used for whatever purpose they are needed. Sometimes, each 
individual bit in the register has a unique function. For example, in auto- 
mobile computers each bit could represent the status of a different physi- 
cal variable being monitored by the MPU. One bit might indicate when 
the engine temperature is too high. Another bit might signal when oil 
pressure is too low. In other applications, the bits in the register are used 
to produce an analog output that can be used to drive devices requiring 
analog inputs that have many different voltage levels. 

Figure 8-74 shows how we can use the MPU to generate an analog 
voltage by taking the register data from Figure 8-73 and using them to con- 
trol the inputs to a summing amplifier. Assume that the MPU is executing a 
program that is transferring a new set of data to the register every 10 ps ac- 
cording to Table 8-14. Sketch the resulting waveform at Vour. 


Figure 8-73 
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Figure 8-74 Problem 8-47. 


Table 8-14 


ANSWERS TO SECTION REVIEW QUESTIONS 


SECTION 8-1 current from the input of the circuit it is 
driving. Current sourcing: An output 

1. See text. 2. False 3. False, Vxi supplies (sources) current to the circuit it 

is the difference between VonGmin) and is driving. 6. DIP 7. J-lead 

Vindmin). 4 False 5. Current 8. Its leads are bent. 9. No 


sinking: An output actually receives (sinks) 
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SECTION 8-2 


1. ‘Ime 2. LOW 3. Fast switching 
times, low power dissipation; large current 
spike during switching from LOW to 
HIGH 4. Q3. 5. O6 6. No 
multiple-emitter transistor 


SECTION 8-4 

1. (a) 74AS (b) 74S, 74LS 

(c) 74H, 74L (d) 74S, 74LS, 74AS, 
74ALS (e) 74ALS 2. All three can 


operate at 40 MHz, but the 74ALS193 will 
use less power. 3. O4, Qs respectively 


SECTION 8-5 


1. Q4’s ON-state resistance and Vo.(max) 
2. 200 wA 3. Its output voltages may 
not remain in the allowed logic 0 and 1 
ranges. 4. Two; five 


SECTION 8-6 


1. LOW 2. Connect to + Vec through 
a 1-k© resistor; connect to another used 
input. 3. Connect to ground; connect 
to another used input. 4. False; only 
in the LOW state. 5. Connecting small 
RF capacitors between Vcc and ground 
near each TTL IC to filter out voltage 
spikes caused by rapid current changes 
during output transitions from LOW to 
HIGH 


SECTION 8-7 


1. Connecting TTL outputs together 

2. Damaging current can flow; Vor 
exceeds Vo.(max). 3. Current-sinking 
transistor Q,’s collector is unconnected 
(there is no Qs). 4. To produce a Vou 
level 5. ABCDEF_ 6. No active 


pull-up transistor 7. See Figure 8-24. 


SECTION 8-8 


1. HIGH, LOW, Hi-Z =. Hi-Z 
3. When two or more tristate outputs tied 
to a common bus are enabled at the same 


time 4, Ek, = Ez = OQ, Ec=1 5. See 
Figure 8-28. 

SECTION 8-9 

1. (a) True (b) True (c) False 
(d) True (e) False (f) False 


SECTION 8-13 


1. Advantages:—lower power; higher 
packing density; simple, inexpensive 
fabrication process; disadvantages:— 
slower speed, more sensitive to static 
electricity. 2. Gate input capacitances 
that cause an increase in load capacitance 
for each additional load. This total load 
capacitance increases switching times. 

3. Large Rour and Croap 4. High 
packing density due to its simple circuit 
structure 5. See text. 6. See text. 


SECTION 8-14 


1. CMOS uses both P- and N-channel 
MOSFETs. 2. One 3. Six 


SECTION 8-15 


1. 74C, HC, HCT 2. 74ACT, HCT 

3. 74C, HC/HCT, AC/ACT 4. BiCMOS 
5. Maximum permissible propagation 
delay; input capacitance of each load 

6. See Section 8-13. 7. CMOS 

8. (a) True (b) False (c) False 
(d) False (e) True (f) False 


SECTION 8-16 


1. The common output voltage will be in 
indeterminate range. 2. Output stage 
consists only of an N-channel MOSFET 
whose drain is unconnected. 


SECTION 8-17 


1. The logic level at the control input 
controls the open/closed status of a 
bidirectional switch that can pass analog 
signals in either direction. 2. True 


SECTION 8-19 


1. A pull-up resistor has to be connected 
to +5 V at the TTL output. 2. A high- 
voltage buffer (7407) or a level translator 
(40104) should be connected between 
TTL output and CMOS input. 


SECTION 8-20 


1. It takes the output from a driver circuit 
and conditions it so that it is compatible 
with the input requirements of the load. 
2. True 3. False;—for example, the 
4000B series cannot sink fi, of a 74 or 
74AS device. 4. 74HCT and ACT 

5. Two 6. Through a level translator 
such as the 4050B 


CHAPTER 8 / ANSWERS TO SECTION REVIEW QUESTIONS 


473 


474 


SECTION 8-21 


1. More circuits on chip; higher operating 
speed 2. Can't handle higher voltages; 
increased power dissipation can overheat 
the chip. 3. Same as standard TTL: 
ZAVN 


CHAPTER 8 / INTEGRATED-CIRCUIT LOGIC FAMILIES 


SECTION 8-22 


1. It injects a voltage pulse of selected 
polarity at a node that is not shorted to 
Vcc or ground. 2. False 3. It 
indicates the occurrence of a current 
pulse. 4. True 
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OBJECTIVES 


Upon completion of this chapter, you will be able to: 
m Analyze and use decoders and encoders in various types of circuit appli- 
cations. 
=m Compare the advantages and disadvantages of LEDs and LCDs. 


m Utilize the observation/analysis technique for troubleshooting digital cir- 
cuits. 


m Understand the operation of multiplexers and demultiplexers by analyz- 
ing several circuit applications. 


= Compare two binary numbers by using the magnitude comparator cir- 
euit. 


@ Understand the function and operation of code converters. 


m Cite the precautions that must be considered when connecting digital 
circuits using the data-bus concept. 


m Interpret the notation used on the IEEE/ANSI symbols for various MSI 
devices. 


INTRODUCTION 


Digital systems obtain binary-coded data and information that are continuously 
being operated on in some manner. Some of the operations include: (1) decoding 
and encoding; (2) multiplexing, (3) demultiplexing, (4) comparison; (5) code con- 
version; (6) data busing. All these operations and others have been facilitated by 
the availability of numerous ICs in the MSI (medium-scale-integration) category. 

In this chapter we study many of the common types of MSI devices. For each 
type, we start with a brief discussion of its basic operating principle, then intro- 
duce specific ICs. We then show how they can be used alone or in combination 
with other ICs in various applications. 
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Q-] DECODERS 


A decoder is a logic circuit that accepts a set of inputs that represents a binary 
number and activates only the output that corresponds to that input number. In 
other words, a decoder circuit looks at its inputs, determines which binary number 
is present there, and activates the one output that corresponds to that number; all 
other outputs remain inactive. The diagram for a general decoder is shown in Fig- 
ure 9-1 with N inputs and M outputs. Since each of the N inputs can be O or 1, 
there are 2’ possible input combinations or codes. For each of these input combi- 
nations only one of the M outputs will be active CHIGH); all the other outputs are 
LOW. Many decoders are designed to produce active-LOW outputs, where only 
the selected output is LOW while all others are HIGH. This would be indicated by 
the presence of small circles on the output lines in the decoder diagram. 

Some decoders do not utilize all of the 2" possible input codes but only cer- 
tain ones. For example, a BCD-to-decimal decoder has a 4-bit input code and ten 
output lines that correspond to the ten BCD code groups 0000 through 1001. De- 
coders of this type are often designed so that if any of the unused codes are ap- 
plied to the input, 7one of the outputs will be activated. 

In Chapter 7 we saw how decoders are used in conjunction with counters to 
detect the various states of the counter. In that application it was the FFs in the 
counter that provided the binary code inputs for the decoder. The same basic de- 
coder circuitry is used no matter where the inputs come from. Figure 9-2 shows 
the circuitry for a decoder with three inputs and 2° = 8 outputs. It uses all AND 
gates, and so the outputs are active-HIGH. Note that for a given input code, the 
only output which is active (HIGH) is the one corresponding to the decimal equiv- 
alent of the binary input code (e.g., output O¢ goes HIGH only when CBA = 
1102 = 610). 

This decoder can be referred to in several ways. It can be called a 3-line-to- 
8-line decoder, because it has three input lines and eight output lines. It could also 
be called a binary-to-octal decoder or converter because it takes a 3-bit binary 
input code and activates the one of the eight (octal) outputs corresponding to that 
code. It is also referred to as a 1-of-8 decoder, because only 1 of the 8 outputs is 
activated at one time. 


ENABLE Inputs — Some decoders have one or more ENABLE inputs that are 
used to control the operation of the decoder. For example, refer to the decoder in 
Figure 9-2 and visualize having a common ENABLE line connected to a fourth 


Figure 9-1 General decoder diagram. 
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Figure 9-2. Three-line-to-8-line (or 1-of-8) decoder. 


input of each gate. With this ENABLE line held HIGH the decoder will function 
normally and the A, B, C input code will determine which output is HIGH. With 
ENABLE held LOW, however, a// the outputs will be forced to the LOW state re- 
gardless of the levels at the A, B, C inputs. Thus, the decoder is ENABLED only if 
ENABLE is HIGH. 

Figure 9-3(a) shows the logic diagram for the 74LS138 decoder as it appears 
in the Fairchild 77L Data Book. By examining this diagram carefully, we can deter- 
mine exactly how this decoder functions. First, notice that it has NAND-gate out- 
puts, so that its outputs are active-LOW. Another indication is the labeling of the 
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outputs as O7, Os, Os, and so on; the overbar indicates active-LOW outputs. 


CHAPTER 9 / MSI LOGIC CIRCUITS 


E, E> Es 


_| Respond to input code A2A1A0 74L5138 

| Disabled — all HIGH 1-of-8 decoder 
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Figure 9-3 (a) Logic diagram for 74LS138 decoder; (b) truth table; (c) logic symbol. 
(Courtesy of Fairchild, a Schlumberger company) 
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The input code is applied at Az, Ai, and Ap, where A2 is the MSB. With three 
inputs and eight outputs, this is a 3-to-8 decoder or, equivalently, a 1-of-8 decoder. 

Inputs £1, £2, and £; are separate enable inputs that are combined in the 
AND gate. In order to enable the output NAND gates to respond to the input code 
at A2A1Ao, this AND-gate output has to be HIGH. This will occur only when £; = 
FE, = 0 and £; = 1. In other words, £, and FE are active-LOW, FE; is active-HIGH, 
and all three have to be in their active states to activate the decoder outputs. If 
one or more of the enable inputs is in its inactive state, the AND output will be 
LOW, which will force all NAND outputs to their inactive HIGH state regardless of 
the input code. This operation is summarized in the truth table in Figure 9-3(b). 
Recall that x represents the “don’t care” condition. 

The logic symbol for the 74LS138 is shown in Figure 9-3(c). Note how the 
active-LOW outputs are represented, and how the enable inputs are represented. 
Even though the enable AND gate is shown as external to the decoder block, it is 
part of the IC’s internal circuitry. The 74HC138 is the high-speed CMOS version of 
this decoder. 


EXAMPLE 9-1 


Indicate the states of the 74LS138 outputs for each of the following sets of inputs. 


(a) fz = Bs= 1,8; =0,4= A; = 1, Ap = 0 
(b) B= 1,65] fi = 0, 4=0, A= A= 1 


solution 


(a) With £2 = 1, the decoder is disabled and all of its outputs will be in their in- 
active HIGH state. This can be determined from the truth table or by follow- 
ing the input levels through the circuit logic. 


(b) All of the enable inputs are activated, so that the decoding portion is en- 
abled. It will decode the input code 0112 = 310 to activate output O3. Thus, 
Oz will be LOW and all other outputs will be HIGH. 


EXAMPLE 9-2 


Figure 9-4 shows how four 74LS138s and an INVERTER can be arranged to func- 
tion as a 1-of-32 decoder. The decoders are labeled Z1 to Z4 for easy reference, 
and the eight outputs from each one are combined into 32 outputs. Z1’s outputs 
are Oo to O-, Z2’s outputs | Op to O7 are renamed Og to O15, , respectively, Z3’s out- 
puts are renamed Oj6 to O23, and Z4’s are renamed Oz, to O3). A 5-bit input code 
A4A3A2A,Ap Will activate only one of these 32 outputs for each of the 32 possible 
input codes. 


(a) Which output will be activated for A,A3A2A1Ap = 01101? 
(b) What range of input codes will activate the Z4 chip? 


Solution 


(a) The 5-bit input code has two distinct portions. The A, and A; bits determine 
which one of the decoder chips Z1 to Z4 will be enabled, while A2A;Ap de- 
termine which output of the enabled chip will be activated. With A,A3 = 01, 
only Z2 has all its enable inputs activated. Thus Z2 responds to the 
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A A, Ap = 101 code and activates its Os output, which has been renamed O;3. 
Thus the input code 01101, which is the binary equivalent of decimal 13, will 
cause output O13 to go LOW, while all others stay HIGH. 

(b) To enable Z4, both Ay and A3 have to be HIGH. Thus all input codes ranging 
from 11000 (2410) to 11111 @Glio) will activate Z4. This corresponds to out- 
puts On, to O31. 


Figure 9-5 (a) Logic diagram for the 7442 BCD-to-decimal decoder; (b) logic symbol; (c) truth table. 
(Courtesy of Fairchild, a Schlumberger company) 
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BCD-to-Decimal Decoders Figure 9-5(a) shows the logic diagram for a 
7442 BCD-to-decimal decoder. It is also available as a 74LS42 and 74HC42. Each 
output goes LOW only when its corresponding BCD input is applied. For example, 
Os will go LOW only when inputs DCBA = 0101; Og will go LOW only when 
DCBA = 1000. For input combinations that are invalid for BCD, none of the out- 
puts will be activated. This decoder can also be referred to as a 4-to-10 decoder or 
a 1-of-10 decoder. The logic symbol and truth table for the 7442 are also shown in 
the figure. Note that this decoder does not have an enable input. In Problem 9-7 
we will see how the 7442 can be used as a 3-to-8 decoder with the D input used 


as an enable input. 


BCD-to-Decimal Decoder/Driver — The TTL 7445 is a BCD-to-decimal 
decoder/driver. The term “driver” is added to its description because this IC has 
open-collector outputs that can operate at higher current and voltage limits than a 
normal TTL output. The 7445’s outputs can sink up to 80 mA in the LOW state, 
and can be pulled up to 30 V in the HIGH state. This makes them suitable for di- 
rectly driving loads such as indicator LEDs or lamps, relays, or dc motors. 


Decoder Applications — Decoders are used whenever an output or group 
of outputs is to be activated only on the occurrence of a specific combination of 
input levels. These input levels are often provided by the outputs of a counter or 
register. When the decoder inputs come from a counter that is being continually 
pulsed, the decoder outputs will be activated sequentially, and they can be used 
as timing or sequencing signals to turn devices on or off at specific times. An ex- 
ample of this operation is shown in Figure 9-6 using the 74LS293 counter and the 
7445 decoder/driver described above. 


EXAMPLE 9-3 


Describe the operation of the circuit in Figure 9-6(a). 


Solution 


The counter is being pulsed by a 1-pps signal so that it will sequence through the 
binary counts at the rate of 1 count/s. The counter FF outputs are connected as the 
inputs to the decoder. The 7445 open-collector outputs O3 and Os are used to 
switch relays Ki and K2 on and off. For instance, when Os; is in its inactive HIGH 
state, its Output transistor will be off (nonconducting) so that no current can flow 
through relay K, and it will be deenergized. When O3 is in its active-LOW state, its 
Output transistor is on and acts as a current sink for current through kK, so that Ki 
is energized. Note that the relays operate from +24 V. Also note the presence of 
the diodes across the relay coils; these protect the decoder’s output transistors 
from the large “inductive kick” voltage that would be produced when coil current 
is abruptly stopped. 

The timing diagram in Figure 9-6(b) shows the sequence of events. If we as- 
sume that the counter is in the 0000 state at time 0, then both outputs O3 and Os 
are initially in the inactive HIGH state, where their output transistors are off and 
both relays are deenergized. As clock pulses are applied, the counter will be incre- 
mented once per second. On the NGT of the third pulse (time 3), the counter will 
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Figure 9-6 Example 9-3; counter/decoder combination used to provide timing and sequencing operations. 
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go to the 0011 (3) state. This will activate decoder output O3 and thereby energize 
K;. On the NGT of the fourth pulse, the counter goes to the 0100 (4) state. This 
will deactivate O3; and deenergize relay K;. 

Similarly, at time 6 the counter will go to the 0110 (©) state; this will make Oc 
= 0 and energize Kz. At time 7 the counter goes to 0111 (7) and deactivates O¢ to 
deenergize k2. 

The counter will continue counting as pulses are applied. After 16 pulses, the 
sequence just described will start over. 


Decoders are widely used in the memory system of a computer, where they 
respond to the address code input from the central processor to activate the mem- 
ory storage location specified by the address code. We will examine this applica- 
tion in Problem 9-60 and in much more depth when we study memories in Chap- 
ter LI, 
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Q-2 — BCD-TO-7-SEGMENT DECODER/DRIVERS 


Most digital equipment has some means for displaying information in a form that 
can be understood readily by the user or operator. This information is often nu- 
merical data, but can also be alphanumeric (numbers and letters). One of the sim- 
plest and most popular methods for displaying numerical digits uses a 7-segment 
configuration [Figure 9-7(a)] to form the decimal characters 0 through 9 and some- 
times the hex characters A through F. One common arrangement uses light-emit- 
ting diodes (LEDs) for each segment. By controlling the current through each LED, 
some segments will be light and others will be dark so that the desired character 
pattern will be generated. Figure 9-7(b) shows the segment patterns that are used 
to display the various digits. For example, to display a “6,” the segments c, d, e, f 
and g are made bright while segments a and b are dark. 

A BCD-to-7-segment decoder/driver is used to take a 4-bit BCD input and 
provide the outputs that will pass current through the appropriate segments to dis- 
play the decimal digit. The logic for this decoder is more complicated than those 
we looked at previously because each output is activated for more than one com- 
bination of inputs. For example, the e segment must be activated for any of the 
digits 0, 2, 6, and 8, which means whenever any of the codes 0000, 0010, 0110, or 
1000 occurs. 

Figure 9-8(a) shows a BCD-to-7-segment decoder/driver (TTL 7446 or 7447) 
being used to drive a 7-segment LED readout. Each segment consists of one or 
two LEDs. The anodes of the LEDs are all tied to Vec (+5 V). The cathodes of the 
LEDs are connected through current-limiting resistors to the appropriate outputs of 


Figure 9-7 (a) Seven-segment arrangement, (b) active segments for each digit. 
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(a) BCD-to-7-segment decoder/driver driving a common-anode 7-segment LED display; (b) 


segment patterns for all possible input codes. 


the decoder/driver. The decoder/driver has active-LOW outputs which are open- 
collector driver transistors that can sink a fairly large current. This is because LED 
readouts may require 10 mA to 40 mA per segment, depending on their type and 
Size, , 

To illustrate the operation of this circuit, let us suppose that the BCD input is 
D=0, C= 1, B=0, A= 1, which is BCD for 5. With these inputs the decoder/dri- 
ver outputs a, f, Z, €, and d will be driven LOW (connected to ground), allowing 
current to flow through the a, f g, c, and d LED segments and thereby displaying 
the numeral 5. The 6 and @ outputs will be HIGH (open), so that LED segments 
b and e cannot conduct. 

The 7446/47 decoder/drivers are designed to activate specific segments even 
for non-BCD input codes (greater than 1001). Figure 9.8(b) shows the activated 
segment patterns for all possible input codes from 0000 to 1111. Note that an input 
code of 1111 (15) will blank out all the segments. 

Seven-segment decoder/drivers such as the 7446/47 are exceptions to the 
rule that decoder circuits activate only one output for each combination of inputs. 
Rather, they activate a unique pattern of outputs for each combination of inputs. 
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Common-Anode versus Common-Cathode LED Displays — The 
LED display used in Figure 9-8 is a common-anode type because the anodes of all 
the segments are tied together to Vec. Another type of 7-segment LED display uses 
a common-cathode arrangement where the cathodes of all the segments are tied 
together and connected to ground. This type of display has to be driven by a 
BCD-to-7-segment decoder/driver with active-HIGH outputs that apply a HIGH 
voltage to the anodes of those segments that are to be activated. The 7448 is a de- 
coder/driver that can be used for this purpose. 


HXAMPLE 9-4 


Each segment of a typical 7-segment LED display is rated to operate at 10 mA at 
2.7 V for normal brightness. Calculate the value of the current-limiting resistor 
needed to produce approximately 10 mA per segment. 


Solution 


Referring to Figure 9-8(a), we can see that the series resistor will have to have a 
voltage drop equal to the difference between Voc = 5 V and the segment voltage 
of 2.7 V. This 2.3 V across the resistor must produce a current of about 10 mA. 
Thus we have 
Ke > areal = 230 0 
10 mA 


A standard resistor value close to this can be used. A 220-Q, resistor would be a 
good choice. 


REVIEW QUESTIONS 


1. Which LED segments will be on for a decoder/driver input of 1001? 


2. True or false: More than one output of a BCD-to-7-segment decoder/dri- 
ver can be active at one time. 


9-3  LIOUID CRYSTAL DISPLAYS 


An LED display generates or emits light energy as current is passed through the in- 
dividual segments. A liquid crystal display (LCD) controls the reflection of avail- 
able light. The available light may simply be ambient (surrounding) light such as 
sunlight or normal room lighting; reflective LCDs use ambient light. Or the avail- 
able light might be provided by a small light source that is part of the display unit; 
back-lit LCDs use this method. In any case, LCDs have gained wide acceptance 
because of their very low power consumption compared to LEDs, especially in 
battery-operated equipment such as calculators, digital watches, and portable elec- 
tronic measuring instruments. LEDs have the advantage of a much brighter display, 
which, unlike reflective LCDs, is easily visible in dark or poorly lit areas. 


SECTION 9-3 / LIQUID CRYSTAL DISPLAYS 


437 


433 


LCD display 


Incident 
~—~_ ambient 


“2— light 


| Backplane 


(a) 


Incident 
light 


Figure 9-9 Liquid crystal display (a) basic arrangement; (b) applying a voltage between 


segment and backplane turns ON the segment. Zero voltage turns the segment OFF. 


Basically, LCDs operate from a low-voltage (typically, 3 to 15 V rms), 
low-frequency (25 to 60 Hz) ac signal and draw very little current. They are often 
arranged as 7-segment displays for numerical readouts as shown in Figure 9-9(a). 
The ac voltage needed to turn on a segment is applied between the segment and 
the backplane, which is common to all segments. The segment and backplane 
form a capacitor that draws very little current as long as the ac frequency is kept 
low. It is generally not lower than 25 Hz, because this would produce visible 
flicker. 

An admittedly simplified explanation of how an LCD operates goes some- 
thing like this. When there is no difference in voltage between a segment and the 
backplane, the segment is said to be nonactivated (OFF). Segments d, e, f and g in 
Figure 9-9(b) are OFF and will reflect incident light so that they appear invisible 
against their background. When an appropriate ac voltage is applied between a 
segment and the backplane, the segment is activated (ON). Segments a, b, and c 
in Figure 9-9(b) are ON and will not reflect the incident light, and thus they ap- 
pear dark against their background. 


Driving an LCD An LCD segment will turn ON when an ac voltage is ap- 
plied between the segment and the backplane, and will turn OFF when there is no 
voltage between the two. Rather than generating an ac signal, it is common prac- 
tice to produce the required ac voltage by applying out-of-phase square waves to 
the segment and backplane. This is illustrated in Figure 9-10 for one segment. A 


Figure 9-10 Method for driving an LCD segment. When CON- 
TROL is LOW, segment is off. When CONTROL is HIGH, segment 
is on. 
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40-Hz square wave is applied to the backplane and also to the input of a CMOS 
74HC86 EX-OR. The other input to the EX-OR is a CONTROL input that will con- 
trol whether the segment is ON or OFF. 

When the CONTROL input is LOW, the EX-OR output will be exactly the 
same as the 40-Hz square wave, so that the signals applied to the segment and 
backplane are equal. Since there is no difference in voltage, the segment will be 
OFF. When the CONTROL input is HIGH, the EX-OR output will be the INVERSE 
of the 40-Hz square wave, so that the signal applied to the segment is out of phase 
with the signal applied to the backplane. As a result, the segment voltage will al- 
ternately be at +5 V and at —5 V relative to the backplane. This ac voltage will 
turn ON the segment. 

This same idea can be extended to a complete 7-segment LCD display as 
shown in Figure 9-11. Here the CMOS 4511 BCD-to-7-segment decoder/driver sup- 
plies the CONTROL signals to each of seven EX-ORs for the seven segments. The 
4511 has active-HIGH outputs, since a HIGH is required to turn on a segment. 
The decoder/driver and EX-OR gates of Figure 9-11 are available on a single chip. 
The CMOS 74HC4543 is one such device. It takes the BCD input code and pro- 
vides the outputs to drive the LCD segments directly. 

In general, CMOS devices are used to drive LCDs for two reasons: (1) they 
require much less power than TTL and are more suited to the battery-operated ap- 


Figure 9-11 Method for driving 7-segment LCD. 
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plications where LCDs are used; (2) the TTL LOW-state voltage is not exactly 0 V 
and can be as much as 0.4 V. This will produce a dc component of voltage be- 
tween the segment and backplane that considerably shortens the life of an LCD. 
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Q-4 ENCODERS 


Most decoders accept an input code and produce a HIGH (or LOW) at one and 
only one output line. In other words, we can say that a decoder identifies, recog- 
nizes, or detects a particular code. The opposite of this decoding process is called 
encoding and is performed by a logic circuit called an encoder. An encoder has a 
number of input lines, only one of which is activated at a given time, and pro- 
duces an N-bit output code, depending on which input is activated. Figure 9-12 is 
the general diagram for an encoder with M inputs and N outputs. Here the inputs 
are active-HIGH, which means they are normally LOW. 

We saw that a binary-to-octal decoder (3-line-lo-8-line decoder) accepts a 3- 
bit input code and activates one of eight output lines corresponding to that code. 
An octal-to-binary encoder (8-line-to-3-line encoder) performs the opposite func- 
tion; it accepts eight input lines and produces a 3-bit output code corresponding 
to the activated input. Figure 9-13 shows the logic circuit and truth table for an 
octal-to-binary encoder with active-LOW inputs. 

By following through the logic, you can verify that a LOW at any single 
input will produce the output binary code corresponding to that input. For in- 
stance, a LOW at A3 (while all other inputs are HIGH) will produce O, = 0, O; = 
1, and O) = 1, which is the binary code for 3. Notice that Ao is not connected to 
the logic gates because the encoder outputs will normally be at 000 when none of 
the inputs A; to A» is LOW. 


A Op Figure 9-12 General encoder dia- 
0 
gram. 
A, O, 
m Encoder 2 
Au - 1 Ox 1 
—— a 
M inputs N-bit 
only one HIGH output code 


ata time 


CHAPTER 9 / MSI LOGIC CIRCUITS 


Ll 
i 
is 
Oo 
| 
() 
> 
LI 
PO 
Dl 
Ww 
Pl 
S& 
peg 
(Oz! 
Pl 


| 
| X 1 14°79 1 1 
m2 , 7 | X Oo 1 1 1 1 
8 | Ae TTA i ee oe 
inputs | A, , 1 1 0 1 1 
| pO ‘Msp xX 1 1.1 0 1 
As Z O | ~ @ f 4 1 0 
a | X 1 11 1 1 
6 | 
- | Xx 1 1 1 1 1 
Az 7 | 
*Only one 
LOW input 
at atime 


- OoO-R- eS ec ee 


Outputs 
O, Oo 
0 0 
0 1 
1 0 
1 ] 
0 0 
0 ] 
] 0 
1 ] 


Figure 9-13 Logic circuit for an octal-to-binary (8-line-to-3-line) encoder. For proper operation, only one 


input should be active at one time. 


EXAMPLE 9-5 


Determine the outputs of the encoder in Figure 9-13 when A3 and As are simulta- 
neously LOW. 


Solution 


Following through the logic gates, we see that the LOWs at these two inputs will 
produce HIGHs at each output; in other words, the binary code 111. Clearly, this 
is not the code for either activated input. 


Priority Encoders This last example points up a drawback of the simple 
encoder circuit of Figure 9-13 when more than one input is activated at one time. 
A modified version of this circuit, called a priority encoder, includes the necessary 
logic to ensure that when two or more inputs are activated, the output code will 
correspond to the highest-numbered input. For example, when both A3 and As are 
LOW, the output code will be 101 (5). Similarly, when Ao, A2, and Apo are all LOW, 
the output code is 110 (6). The 74148, 74LS148, and 74HC148 are all octal-to- 
binary priority encoders. 


14147 Decimal-to-BCD Priority Encoder Figure 9-14 shows the 
logic symbol and truth table for the 74147 (74LS147, 74HC147), which functions as 
a decimal-to-BCD priority encoder. It has nine active-LOW inputs representing the 
decimal digits 1 through 9, and produces the inverted BCD code corresponding to 
the highest-numbered activated input. 


SECTION 9-4 / ENCODERS 


491 


Pa 
pea 
RO 
PI 
oO 
p> 
BS 
PI 
Oo 
| 
Oo) 
P| 
SJ 
pea 
CO. 
>| 
© 
OC} 
(ee) 
Ol 
NO 
Oo} 
Oo} 
(ep) 


A, 0, 1 149 1 1 1 1 1 1 1 1 1 
ri x x x x Xx 4 . Xx 0 0 1 1 0 
‘ een 6X X xX KX XK xX xX OO T}PO 4 41 1 
to-BCD x % xX x Xx 0 1 i 0 oO 0 
a ority a x «= 2 & X 0 1 1 1 |] 1 0 O 1 
Sanat 1 x & 2% & 0 1 1 1 i 0 1 0 
_ = Xx xX xX... 1 1 1 1 1/4 1 0 1 1 
Ag Oo XX ee 1 1 1 1 1114 1 0 oO 
Ag Xo 1 1 1 1 1 1 i 1 0 1 
—— KH 0 ttl 1 1 1 1 i 1 1 0 
Nine Inverted 
inputs BCD X = either O or 1 


Figure 9-14 74147 decimal-to-BCD priority encoder. 


Let’s examine the truth table to see how this IC works. The first line in the 
table shows all inputs in their inactive HIGH state. For this condition the outputs 
are 1111, which is the inverse of 0000, the BCD code for 0. The second line in the 
table indicates that a LOW at Ao, regardless of the states of the other inputs, will 
produce an output code of 0110, which is the inverse of 1001, the BCD code for 9. 
The third line shows that a LOW at As, provided that A» is HIGH, will produce an 
output code of 0111, the inverse of 1000, the BCD code for 8. In a similar manner, 
the remaining lines in the table show that a LOW at any input, provided that all 
higher-numbered inputs are HIGH, will produce the inverse of the BCD code for 
that input. 

The 74147 outputs will be normally HIGH when none of the inputs are acti- 
vated. This corresponds to the decimal 0 input condition. There is no Ao input, 
since the encoder assumes the decimal 0 input state when all other inputs are 
HIGH. The 74147 inverted BCD outputs can be converted to normal BCD by 
putting each one through an INVERTER. 


EXAMPLE 9-6 


Determine the states of the outputs in Figure 9-14 when As, Az, and A3 are LOW 
and all other inputs are HIGH. 


Solution 


The truth table shows that when A? is LOW, the levels at As and A; do not matter. 
Thus, the outputs will be 1000 respectively, the inverse of 0111 (7). 


Switch Encoder Figure 9-15 shows how a 74147 can be used as a switch 
encoder. The 10 switches might be the keyboard switches on a calculator repre- 
senting digits 0 through 9. The switches are of the normally open type, so that the 
encoder inputs are all normally HIGH and the BCD output is 0000 (note the IN- 
VERTERs). When a digit key is depressed, the circuit will produce the BCD code 
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Figure 9-15. = Decimal-to-BCD switch encoder 


for that digit. Since the 74147 is a priority encoder, simultaneous key depressions 
will produce the BCD code for the higher-numbered key. 

The switch encoder of Figure 9-15 can be used whenever BCD data have to 
be manually entered into a digital system. A prime example would be in an elec- 
tronic calculator, where the operator depresses several keyboard switches in suc- 
cession to enter a decimal number. In a simple, basic calculator the BCD code for 
each decimal digit is entered into a 4-bit storage register. In other words, when the 
first key is depressed, the BCD code for that digit is sent to a 4-bit FF register; 
when the second switch is depressed, the BCD code for that digit is sent to an- 
other 4-bit FF register, and so on. Thus, a calculator that can handle eight digits 
will have eight 4-bit registers to store the BCD codes for these digits. Each 4-bit 
register drives a decoder/driver and numerical display so that the eight-digit num- 
ber can be displayed. 

The operation described above can be accomplished with the circuit in Fig- 
ure 9-16. This circuit will take three decimal digits entered from the keyboard in 
sequence, encode them in BCD, and store the BCD in three FF output registers. 
The 12 D-type flip-flops Qo to Qi; are used to receive and store the BCD codes for 
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Figure 9-16 = Circuit for keyboard entry of three-digit number into storage registers. 
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the digits. Qs to Qi; store the BCD code for the most significant digit (MSD), which 
is the first one entered on the keyboard. Q; to Q7 store the second entered digit 
and Qo to Qs store the third entered digit. Flip-flops X, ¥, and Z form a ring 
counter (Chapter 7) which controls the transfer of data from the encoder outputs 
to the appropriate output register. The OR gate produces a HIGH output any time 
one of the keys is depressed. This output may be affected by switch contact 
bounce, which would produce several pulses before settling down to the HIGH 
state. The OS is used to neutralize the switch bounce by triggering on the first pos- 
itive transition from the OR gate and remaining HIGH for 20 ms, well past the time 
duration of the switch bounce. The OS output clocks the ring counter. 

The circuit operation is described as follows for the case where the decimal 
number 309 is being entered: 


1. The CLEAR key is depressed. This clears all storage flip-flops Qo to Qi to 0. 
It also clears flip-flops X and Y and presets flip-flop Z to 1, so that the ring 
counter begins in the 001 state. 


2. The CLEAR key is released and the “3” key is depressed. The encoder out- 
puts 1100 are inverted to produce 0011, the BCD code for 3. These binary 
values are sent to the D inputs of the three 4-bit output registers. 


3. The OR output goes HIGH (since two of its inputs are HIGH) and triggers 
the OS output O= 1 for 20 ms. After 20 ms, Q returns LOW and clocks the 
ring counter to the 100 state CX goes HIGH). The positive transition at X is 
fed to the CZK inputs of flip-flops Qs to Qi, so that the encoder outputs are 
transferred to these FFs. That is, Qi, = 0, Qio = 0, Qo = 1, and Qs = 1. Note 
that flip-flops Qo to Q7 are not affected, because their CLK inputs have not 
received a positive transition. 


4. The “3” key is released and the OR gate output returns LOW. The “0” key is 
then depressed. This produces the BCD code of 0000, which is fed to the in- 
puts of the three registers. 


5. The OR output goes HIGH in response to the “0” key (note the INVERTER) 
and triggers the OS for 20 ms. After 20 ms the ring counter shifts to the 010 
state (Y goes HIGH). The positive transition at Y is fed to the CZK inputs of 
Qs to Q7 and transfers the 0000 to these FFs. Note that flip-flops Qo to Q3 and 
Qg to Qi; are not affected by the Y transition. 

6. The “0” key is released and the OR output returns LOW. The “9” key is de- 
pressed, producing BCD outputs 1001, which are fed to the storage registers. 

7. The OR output goes HIGH again, triggering the OS, which in turn clocks the 
ring counter to the 001 state (7 goes HIGH). The positive transition at Z is 
fed to the CZK inputs of Qo to Q3 and transfers the 1001 into these FFs. The 
other storage FFs are unaffected. 

8. At this point the storage register contains 0011 0000 1001, beginning with 
Oi. This is the BCD code of 309. These register outputs feed decoder/drivers 
which drive appropriate displays for indicating the decimal digits 309. 

9. The storage FF outputs are also fed to other circuits in the system. In a calcu- 
lator, for example, these outputs would be sent to the arithmetic section to 
be processed. 


Several problems at the end of the chapter will deal with some other aspects 
of this circuit including troubleshooting exercises. 


SECTION 9-4 / ENCODERS 


495 


REVIEW QUESTIONS 


1. How does an encoder differ from a decoder? 

2. How does a priority encoder differ from an ordinary encoder? 

3. What will the outputs be in Figure 9-15 when SW6, SW5, and SW2 are all 
closed? 


4. Describe the functions of each of the following parts of the keyboard 
entry circuit of Figure 9-16. (a) OR gate (b) 74147 encoder (c) One-shot 


(d) Flip-flops xX, Y, Z (e) Flip-flops Q) to Ou 


Figure 9-17 JTEEE/ANSI symbols for several decoders. 
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Q-5 IEE E/ANSI SYMBOLS 


We will now look at the IEEE/ANSI symbols for several of the decoders and en- 
coders. Figure 9-17(a) shows the IEEE/ANSI symbol for the 7442 decoder. It is 
fairly straightforward. Note the label BCD/DEC, which denotes that it is a BCD-to- 
decimal decoder. Also note the manner in which the inputs and outputs are num- 
bered inside the symbol block. These are not IC pin numbers. For example, the in- 
puts to the 7442 have the numbers 1, 2, 4, and 8, respectively, inside the rectangle. 
These indicate the respective weights of each input in the BCD number. 

The IEEE/ANSI symbol for the 7445 in Figure 9-17(b) is similar to the 7442 
with two differences. First, each output has the underlined diamond symbol to in- 
dicate its open-collector structure. Second, the triangle in the middle of the symbol 
denotes that this device is a buffer or a driver with greater-than-normal current 
and/or voltage capabilities. 

Figure 9-17(c) is the symbol for the 74LS138 decoder. Note the BIN/OCT 
label to denote its binary-to-octal decoding function. Also note how the three en- 
able inputs are combined in an AND block to produce an overall internal enable 
signal, EN. 

Figure 9-18 shows the IEEE/ANSI symbol for the 74147 encoder IC. The label 
HPRI/BCD denotes that the function of this IC is to convert the active input with 
the highest priority to its BCD code. Again, note how the inputs and outputs are 
numbered inside the symbol block. 


REVIEW QUESTIONS 


1. What does the label BCD/DEC mean? 
2. What does the label HPRI mean? 
3. What does the symbol > mean inside a symbol block? 


74147/LS147/HC147 Figure 9-18 [EEE/ANSI symbol for the 
HPRI/BCD 74147 encoder. 
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9-6 TROUBLESHOOTING 


As circuits and systems become more complex, the number of possible causes of 
failure obviously increases. While the procedure for fault isolation and correction 
remains essentially the same, the application of the observation/analysis process 
is more important for complex circuits because it helps the troubleshooter narrow 
the location of the fault to a small area of the circuit. This reduces to a reasonable 
amount the testing steps and resulting data that have to be analyzed. By under- 
standing the circuit operation, observing the symptoms of the failure, and reason- 
ing through the operation, the troubleshooter can often predict the possible faults 
before ever picking up a logic probe or oscilloscope. This observation/analysis 
process is one that inexperienced troubleshooters are hesitant to apply, probably 
because of the great variety and capabilities of modern test equipment available to 
them. lt is easy to become overly reliant on these tools while not adequately utiliz- 
ing the human brain’s reasoning and analytical skills. 

The following examples illustrate how the observation/analysis process can 
be applied. Many of the end-of-chapter troubleshooting problems will provide you 
with the opportunity to develop your skill at applying this process. 


EXAMPLE 9-7 


A technician tests the circuit of Figure 9-4 by using a set of switches to apply the 
input code at A, through Ap. She runs through each possible input code and 
checks the corresponding decoder output to see if it is activated. She observes that 
all of the odd-numbered outputs respond correctly, but all of the even-numbered 
outputs fail to respond when their code is applied. What are the most probable 
faults? 


solution 


In a situation where so many outputs are failing, it is unreasonable to expect that 
each of these outputs has a fault. It is much more likely that some faulty input 
condition is causing the output failures. What do all of the even-numbered outputs 
have in common? The input codes for several of them are listed in Table 9-1. 


Table 9-1 


“Input Code 


Clearly, each even-numbered output requires an input code with an Ao = 0 in 
order to be activated. Thus, the most probable faults would be those that prevent 
Ao from going LOW. This includes: 


m A faulty switch connected to the Ap output 
m A break in the path between the switch and the Ap line 
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m An external short from the Apo line to Voc 
m An internal short to Vcc at the Ap inputs of any one of the decoder chips 


Thus, the fault is narrowed to a specific area of the circuit. The exact fault 
can be traced with the testing and measurement techniques that we are already fa- 
miliar with. 


EXAMPLE 9-8 


A technician wires the outputs from a BCD counter to the inputs of the 
decoder/driver of Figure 9-8. He applies pulses to the counter at a very slow rate 
and observes the LED display, which is shown below, as the counter counts up 
from 0000 to 1001. Examine this observed sequence carefully and try to predict the 
most probable fault. 


Observed 
display — 


Expected 
display 


solution 


Comparing the observed display with the expected display for each count, we see 
several important points: 


m For those counts where the observed display is incorrect, the observed dis- 
play is not one of the segment patterns that correspond to counts greater 
than 1001. 


m This rules out a faulty counter or faulty wiring from the counter to the de- 
coder/driver. 


m The correct segment patterns (0, 1, 3, 6, 7, and 8) have the common property 
that segments e and fare either both on or both off. 


m The incorrect segment patterns have the common property that segments e 
and fare in opposite states, and if we interchange the states of these two 
segments, the correct pattern is obtained. 


Giving some thought to those points should lead us to conclude that the 
technician has probably “crossed” the connections to the e and /segments. 


9-7 MULTIPLEXERS (DATA SELECTORS) 


A modern home stereo system may have a switch that selects music from one of 
four sources: a cassette tape, a compact disc (CD), a turntable, or a radio. The 
switch selects one of the electronic signals from one of these four sources and 
sends it to the power amplifier and speakers. In simple terms, this is what a mul/ti- 
plexer does; it selects one of several input signals and passes it on to the output. 

A digital multiplexer or data selector is a logic circuit that accepts several dig- 
ital data inputs and selects one of them at any given time to pass on to the output. 
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000 


The routing of the desired data input to the output is controlled by SELECT inputs 
(often referred to as ADDRESS inputs). Figure 9-19 shows the functional diagram 
of a general digital multiplexer (MUX). The inputs and outputs are drawn as wide 
arrows rather than lines; this indicates that they may actually be more than one 
signal line. 


Output 
Z 
i Dy SELECT input code 
DATA determines which input 
Inputs is transmited to output Z. 
SELECT 
inputs 


Figure 9-19 = Functional diagram of a digital multi- 
plexer (MUX). 


The multiplexer acts like a digitally controlled multiposition switch where the 
digital code applied to the SELECT inputs controls which data inputs will be 
switched to the output. For example, output Z will equal data input 4 for some 
particular SELECT input code; Z will equal 4 for another particular SELECT input 
code; and so on. Stated another way, a multiplexer selects 1 out of N input data 
sources and transmits the selected data to a single output channel. This is called 
multiplexing. 


Basic Two-Inpul Multiplexer — Figure 9-20 shows the logic circuitry for a 
two-input multiplexer with data inputs 4 and 4 and SELECT input S. The logic 


Figure 9-20 Two-input multiplexer. 


DATA 
inputs 


SELECT input 
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level applied to the S input determines which AND gate is enabled so that its data 
input passes through the OR gate to output Z. Looking at it another way, the 
Boolean expression for the output is 


Z=hS+ HS 
With S = 0, this expression becomes 
Z=—h:1+h: O {gate z enabled} 


= J, 
which indicates that Z will be identical to input signal 4, which can be a fixed 
logic level or a time-varying logic signal. With S= 1, the expression becomes 


showing that output Z will be identical to input signal 4. 

An example of where a two-input MUX could be used is in a computer sys- 
tem that uses two different MASTER CLOCK signals: a high-speed clock (say 10 
MHz) for some programs, and a slow-speed clock (say 4.77 MHz) for others. Using 
the circuit of Figure 9-20, the 10-MHz clock would be tied to 4 and the 4.77-MHz 
clock to 4. A signal from the computer’s control logic section would drive the SE- 
LECT input to control which clock signal appears at output Z for routing to the 
other computer circuits. 


Four-Input Multiplexer = The same basic idea can be used to form the 
four-input multiplexer shown in Figure 9-21. Here there are four inputs, which are 
selectively transmitted to the output according to the four possible combinations of 
the 5, Sy select inputs. Each data input is gated with a different combination of se- 
lect input levels. h is gated with S; So so that 4 will pass through its AND gate to 
output Z only whn S, = 0 and S) = 0. The table in the figure gives the outputs for 
the other three input select codes. 


Figure 9-21  Four-input multiplexer. 
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Figure 9-22 


Two-, four-, eight-, and 16-input multiplexers are readily available in the TTL 
and CMOS logic families. These basic ICs can be combined for multiplexing a 
larger number of inputs. 


Kight-Input Multiplexer Figure 9-22(a) shows the logic diagram for the 
74151 (74LS151, 74HC151) eight-input multiplexer. This multiplexer has an enable 


(a) Logic diagram for 74151 multiplexer; (b) truth table; (c) logic symbol. (Courtesy of 


Fairchild, a Schlumberger company) 
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input, Z, and provides both the normal and inverted outputs. When £ = 0, the se- 
lect inputs 525) will select one data input (from 4 through 4) for passage to out- 
put Z When E = 1, the multiplexer is disabled so that Z = 0 regardless of the se- 
lect input code. This operation is summarized in Figure 9-22(b), and the 74151 
logic symbol is shown in Figure 9-22(c). 


EXAMPLE 9-9 


The circuit in Figure 9-23 uses two 74151s, an INVERTER, and an OR gate. De- 
scribe this circuit's operation. 


Figure 9-23. Example 9-9: two 74151s combined to form a 16-input mul- 
tiplexer. 


solution 


This circuit has a total of 16 data inputs, eight applied to each multiplexer. The 
two multiplexer outputs are combined in the OR gate to produce a single output 
X. The circuit functions as a 16-input multiplexer. The four select inputs $3525} So 
will select one of the 16 inputs to pass through to X. 

The S; input determines which multiplexer is enabled. When S$; = 0, the top 
multiplexer is enabled, and the S)S;S) inputs determine which of its data inputs 
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will appear at its output and pass through the OR gate to X. When 5S; = 1, the bot- 
tom multiplexer is enabled and the S25,S inputs select one of its data inputs for 
passage to output X. 


Quad Two-Input MUX (74157/LS157/HC157) = The 74157 is a very 


useful multiplexer IC that contains four two-input multiplexers like the one in 


Figure 9-24 (a) Logic diagram for 74157 multiplexer; (b) logic symbol; (c) truth table. (Courtesy of 
Fairchild, a Schlumberger company) 


lta loa lib lob lic loc ig lod 


“af is oF alt 


\/ \/ \/ \/ 


VY 


mi 
O 


904 CHAPTER 9 / MSI LOGIC CIRCUITS 


Figure 9-20. The logic diagram for the 74157 is shown in Figure 9-24(a). Note the 
manner in which the data inputs and outputs are labeled. 


EXAMPLE 9-10 


Determine the input conditions required for each Z output to take on the logic 
level of its corresponding 4 input. Repeat for 4. 


Solution 


First of all, the enable input has to be active; that is, E = 0. In order for Z, to equal 
Ioa, the select input has to be LOW. These same conditions will produce Z, = ho, 
Lie = loc, and Lia = loa. 

With E = 0 and S=1, the Z outputs will follow the set of 4 inputs; that is, 
La= ha Zo = fo, Zo = he and Lig hha. 

All the outputs will be disabled (LOW) when E = 1. 

It is helpful to think of this multiplexer as being a simple two-input multi- 
plexer, but one in which each input is four lines and the output is four lines. The 
four output lines switch back and forth between the two sets of four input lines 
under the control of the select input. This operation is represented by the 74157’s 
logic symbol in Figure 9-24(b). 


REVIEW QUESTIONS 


1. What is the function of a multiplexer’s select inputs? 


2. A certain multiplexer can switch one of 32 data inputs to its output. How 
many different inputs does this MUX have? 


9-3 |= MULTIPLEXER APPLICATIONS 


Multiplexer circuits find numerous and varied applications in digital systems of all 
types. These applications include data selection, data routing, operation sequenc- 
ing, parallel-to-serial conversion, waveform generation, and logic-function genera- 
tion. We shall look at some of these applications here and several more in the 
problems at the end of the chapter. 


Data Routing — Multiplexers can route data from one of several sources to 
one destination. One typical application uses 74157 multiplexers to select and dis- 
play the contents of either of two BCD counters using a single set of decoder/dri- 
vers and LED displays. The circuit arrangement is shown in Figure 9-25. 

Each counter consists of two cascaded BCD stages, and each one is driven 
by its own clock signal. When the COUNTER SELECT line is HIGH, the outputs of 
counter 1 will be allowed to pass through the multiplexers to the decoder/drivers 
to be displayed on the LED readouts. When COUNTER SELECT = 0, the outputs of 
counter 2 will pass through the multiplexers to the displays. In this way the deci- 
mal contents of one counter or the other will be displayed under the control of the 
COUNTER SELECT input. A common situation where this might be used is in a 
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Figure 9-25 System for displaying two multidigit BCD counters one at a time. 


digital watch. The digital watch circuitry contains many counters and registers that 
keep track of seconds, minutes, hours, days, months, alarm settings, and so on. A 
multiplexing scheme such as this one allows different data to be displayed on the 
limited number of decimal readouts. 

The purpose of the multiplexing technique, as it is used here, is to time- 
share the decoder/drivers and display circuits between the two counters rather 
than have a separate set of decoder/drivers and displays for each counter. This re- 
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sults in a significant saving in the number of wiring connections, especially when 
more BCD stages are added to each counter. Even more important, it represents a 
significant decrease in power consumption, because decoder/drivers and LED 
readouts typically draw relatively large amounts of current from the Vcc supply. Of 
course, this technique has the limitation that only one counter’s contents can be 
displayed at a time. However, in many applications this is not a drawback. A me- 
chanical switching arrangement could have been used to perform the function of 
switching first one counter and then the other to the decoder/drivers and displays, 
but the number of required switch contacts, the complexity of wiring, and the 
physical size could all be disadvantages over the completely logic method of Fig- 
ure 9-25. | 


Parallel-to-Serial Conversion —= Many digital systems process binary data 
in parallel form (all bits simultaneously) because it is faster. When data are to be 
transmitted over relatively long distances, however, the parallel arrangement is un- 
desirable because it requires a large number of transmission lines. For this reason, 
binary data or information in parallel form is often converted to serial form before 
being transmitted to a remote destination. One method for performing this paral- 
lel-to-serial conversion uses a multiplexer, as illustrated in Figure 9-20. 

The data are present in parallel form at the outputs of the X register and are 
fed to the eight-input multiplexer. A 3-bit (MWOD-8) counter is used to provide the 
select code bits S:S;S so that they cycle through from 000 to 111 as clock pulses 
are applied. In this way, the output of the multiplexer will be Xo during the first 
clock period, X, during the second clock period, and so on. The output Z is a 
waveform which is a serial representation of the parallel input data. The wave- 
forms in the figure are for the case where X7X6X5.X4X3X2X1X0 = 10110101. This 
conversion process takes a total of eight clock cycles. Note that Xo (the LSB) is 
transmitted first and the X7 (MSB) is transmitted last. 


Operation Sequencing The circuit of Figure 9-27 uses an eight-input 
multiplexer as part of a control sequencer that steps through seven steps, each 
of which actuates some portion of the physical process being controlled. This 
process could, for example, be a large high-temperature oven which is ener- 
gized by seven different heaters, which must be activated one at a time. The 
circuit also uses a 3-line-to-8-line decoder and a MOD-8 binary counter. The op- 
eration is described as follows: 


1. Initially the counter is reset to the 000 state. The counter outputs are fed to 
the select inputs of the multiplexer and to the inputs of the decoder. Thus, 
the decoder output Oo = 0 and the others are all 1, so that all the ACTUA- 
TOR inputs of the process are LOW. The SENSOR outputs of the process all 
start out LOW. The multiplexer output Z = Jo = 1, since the S inputs are 000. 


2. The START pulse initiates the sequencing operation by setting flip-flop Qo 
HIGH, bringing the counter to the 001 state. This causes decoder output O; 
to go LOW, thereby activating actuator 1, which is the first step in the 
process (it could be the turning on of a heater). 


3. Some time later SENSOR output 1 goes HIGH, indicating the completion of 
the first step Gt could be the reaching of a certain temperature level). This 
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Figure 9-26 (a) Parallel-to-serial converter; (b) waveforms for X7X6X5X4X3X.X,X) = 10110101. 


HIGH is now present at the 4 input of the multiplexer. It is inverted and 
reaches the Z output since the select code from the counter is 001. 


4. The LOW transition at Z is fed to the CLK of flip-flop Qo. This negative transi- 
tion advances the counter to the 010 state. 


5. Decoder output O2 now goes LOW, activating actuator 2, which is the second 
step in the process. Z now equals J2 (select code is 010). Since SENSOR out- 
put 2 is still LOW, Z will go HIGH. 


6. When the second process step is complete, SENSOR output 2 goes HIGH, 
producing a LOW at Z and advancing the counter to 011. 
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7. This same action is repeated for each of the other steps. When the seventh 
step is completed, SENSOR output 7 goes HIGH, causing the counter to go 
from 111 to 000, where it will remain until another START pulse reinitiates 
the sequence. 


Figure 9-27 Seven-step control sequencer. 
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Figure 9-28 Multiplexer used to implement a logic function described by truth 
table. 


Logic Function Generation — Multiplexers can be used to implement 
logic functions directly from a truth table without the need for simplification. 
When used for this purpose the select inputs are used as the logic variables and 
each data input is connected permanently HIGH or LOW as necessary to satisfy 
the truth table. 

Figure 9-28 illustrates how an eight-input multiplexer can be used to imple- 
ment the logic circuit that satisfies the given truth table. The input variables A, B, C 
are connected to S, Si, S2, respectively, so that the levels on these inputs deter- 
mine which data input appears at output Z. According to the truth table, Z is sup- 
posed to be LOW when CBA = 000. Thus, multiplexer input 4 should be con- 
nected LOW. Likewise, Z is supposed to be LOW for CBA = 011, 100, 101, and 
110, so that inputs B, 4, &, and & should also be connected LOW. The other sets 
of CBA conditions must produce Z= 1, and so multiplexer inputs 4, £, and & are 
connected permanently HIGH. 

It is easy to see that any three-variable truth table can be implemented with 
this eight-input multiplexer. This method of implementation is often more efficient 
than using separate logic gates. For example, if we write the sum-of-products ex- 
pression for the truth table in Figure 9-28, we have 


Z= ABC + ABC + ABC 


This cannot be simplified either algebraically or by K mapping, and so its gate im- 
plementation would require three INVERTERs and four NAND gates, for a total of 
two ICs. 

There is an even more efficient method for using multiplexers to implement 
logic functions. This method will allow the logic designer to use a multiplexer with 
three select inputs (e.g., a 74HC151) to implement a four-variable logic function. 
We will present this method in Problem 9-35. 
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REVIEW QUESTIONS 


1. What are some of the major applications of multiplexers? 


2. True or false: When a multiplexer is used to implement a logic function, 
the logic variables are applied to the multiplexer’s data inputs. 


3. What type of circuit provides the select inputs when a MUX is used as a 
parallel-to-serial converter? 


9-9 = DEMULTIPLEXERS (DATA DISTRIBUTORS) 


A multiplexer takes several inputs and transmits one of them to the output. A de- 
multiplexer performs the reverse operation; it takes a single input and distributes it 
over several outputs. Figure 9-29 shows the functional diagram for a digital demul- 
tiplexer (DEMUX). The large arrows for inputs and outputs can represent one or 
more lines. The select input code determines to which output the DATA input will 
be transmitted. In other words, the demultiplexer takes one input data source and 
selectively distributes it to 1 of N output channels just like a multiposition switch. 


DEMUX 


DATA input is transmitted only 
to one of the outputs 
as determined by select input code 


SELECT inputs 


Figure 9-29 General demultiplexer. 


1-Line-to-38-Line Demultiplexer Figure 9-30 shows the logic diagram 
for a demultiplexer that distributes one input line to eight output lines. The single 
data input line 7 is connected to all eight AND gates, but only one of these gates 
will be enabled by the SELECT input lines. For example, with 525,59 = 000, only 
AND gate 0 will be enabled, and data input / will appear at output Op. Other 
SELECT codes cause input /to reach the other outputs. The truth table summarizes 
the operation. 

The demultiplexer circuit of Figure 9-30 is very similar to the 3-line-to-8-line 
decoder circuit in Figure 9-2 except that a fourth input () has been added to each 
gate. It was pointed out earlier that many IC decoders have an ENABLE input, 
which is an extra input added to the decoder gates. This type of decoder chip can 
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Figure 9-30 One-line-to-8-line demultiplexer. 
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therefore be used as a demultiplexer, with the binary code inputs (e.g., A, B, Cin 
Figure 9-2) serving as the SELECT inputs and the ENABLE input serving as the data 
input 7. For this reason, IC manufacturers often call this type of device a de- 
coder/demultiplexer, and it can be used for either function. 

We saw earlier how the 74LS138 is used as a 1-of-8 decoder. Figure 9-31 
shows how it can be used as a demultiplexer. The enable input £; is used as the 
data input J, while the other two enable inputs are held in their active states. The 
A2A,Ap inputs are used as the select code. To illustrate the operation, let’s assume 
that the select inputs are 000. With this input code, the only output that can be ac- 
tivated is Oo, while all other outputs are HIGH. Oo will go LOW only if Fi goes 
LOW and will be HIGH if £,; goes HIGH. In other words, Oo will follow the signal 
on E (i.e., the data input, D while all other outputs stay HIGH. In a similar man- 
ner, a different select code applied to Az2A1Ao will cause the corresponding output 
to follow the data input, J. 

Figure 9-31(b) shows typical waveforms for the case where A2A;Ao = 000 se- 
lects output Oo, For this case, the data signal applied to £; will be transmitted to 
Op and all other outputs will remain in their inactive HIGH state. 


Data input 


Select 74LS138 2 | | | | | | 
code decoder/DEMUX Oo 


07 05 O05 04 03 05 0, Op 


(a) (b) 


Waveforms for AsA,Ag = 000 


Logic 1 


Figure 9-31 (a) The 74LS138 decoder can function as a demultiplexer with A used as 
the data input; (b) typical waveforms for a select code of A2Ai14Ao = 000 shows Op iden- 


Clock Demultiplexer = Many applications of the demultiplexing principle 
are possible. Figure 9-32 shows the 74LS138 demultiplexer being used as a clock 
demultiplexer. Under control of the SELECT lines, the clock signal is routed to the 
desired destination. For example, with S25|S) = 000, the clock signal applied to J 
will appear at output Oo, With 5:5;S = 101, the clock will appear at Os, 
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Figure 9-32 Clock demultiplexer transmits clock signal to a desti- 
nation determined by select code inputs. 


Security Monitoring System Consider the case of a security monitoring 
system in an industrial plant where the open/closed status of many access doors is 
to be monitored. Each door controls the state of a switch, and it is necessary to 
display the state of each switch on LEDs that are mounted on a remote monitoring 
panel at the security guard’s station. One way to do this would be to run a sepa- 
rate signal from each door switch to an LED on the monitoring panel. This would 
require running many wires over a long distance. A better approach that would re- 
duce the amount of wiring to the monitoring panel uses a multiplexer/demulti- 
plexer combination. Figure 9-33 shows a system that can handle eight doors, but 
the basic idea can be expanded to any number. 


EXAMPLE 9-11 


Examine Figure 9-33 carefully and describe the complete operation. 


solution 


The eight door switches are the data inputs to the MUX; they produce a HIGH 
when a door is open and a LOW when it is closed. The MOD-8 counter provides 
the select inputs to the MUX and also to the DEMUX on the remote monitoring 
panel. Each DEMUX output is connected to an indicator LED that will be on when 
the output is LOW. Clock pulses applied to the counter will cause the select inputs 
to sequence through all of the possible states 000 through 111. At each number of 
the counter, the switch status for the door of the same number will be inverted by 
the MUX and passed to output Z. From there it is transmitted to the DEMUX input, 
which passes it through to the output corresponding to the same number. 


CHAPTER 9 / MSI LOGIC CIRCUITS 


33082 


+ oe¥ 


74HC151 74L8138 


Monitoring panel 


CLOCK 


Figure 9-33 = Security monitoring system. 


For example, let’s say that the counter is at the count of 110 (6). While the 
counter is in this state, let’s say that door 6 is closed. The LOW at & will pass 
through the MUX and be inverted to produce a HIGH at Z. This HIGH will be 
passed through the DEMUX to output Os so that LED 6 will be off, indicating that 
door 6 is closed. Now let’s say that door 6 is open. A LOW will appear at Z and 
O¢ so that LED 6 will be on to signal that door 6 is open. Of course, all other LEDs 
will be off during this time since Oo is the only active output. 

As the counter is clocked through its eight states 000 through 111, the LEDs 
will sequentially indicate the status of the eight doors. If all the doors are closed, 
none of the LEDs will be on even when the corresponding DEMUX output is se- 
lected. If a door is open, its LED will turn on only during the time interval that the 
counter is at the appropriate count; it will be off at all other counts. Thus, the LED 
will be flashing on and off if its door is open. The flashing rate can be adjusted by 
changing the frequency of the clock. 
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Note that there are only four signal lines going from the “door sensing” cir- 
cuitry to the remote monitoring panel: the Z output and the three select lines. This 
is a saving of four lines when compared with the alternative of having one line per 
door. The MUX/DEMUX combination is used to transmit the status of each door to 
its LED one at a time (serially) instead of all at once (parallel). 


Synchronous Data Transmission System Figure 9-34 shows the 
logic diagram for a synchronous data transmission system that is used to serially 
transmit four 4-bit data words from a transmitter to a remote receiver. Let’s look at 
the transmitter circuitry first. The data words are stored in registers A, B, C, and D 
that are connected as recirculating shift registers with a common SHIFT (clock) 
input. Each register will shift right on the PGT of the SHIFT pulses from AND gate 
2. The LSB of each register is connected as a data input to the four-input multi- 
plexer. 

The two MOD-4 counters control the transmission of the data register con- 
tents to the multiplexer output Z. The word counter selects the register data that 
will appear at Z. As this counter counts from 00 to 11, the data from each register 
will sequentially appear at Z. The bit counter makes sure that 4 data bits from 
each register are transmitted through the multiplexer before advancing to the next 
register. The bit counter advances one count for each SHIFT pulse, so that after 
four SHIFT pulses, it recycles to 00. The NGT at the Q; output of the bit counter 
will cause the word counter to be incremented to the next count to select the next 
data register for transmission. In this way the contents of each of the data registers 
will be transmitted to Z, one bit at a time, starting with register A (for 5,5) = 00) 
and proceeding through each register as the word counter advances one count for 
every four SHIFT pulses. The Z signal will thus contain 16 bits of serial data, 4 bits 
from each register. These data are said to be time-division-multiplexed because 
four different sets of data are appearing on the same output line at different times. 

The transmission process is controlled by the two D flip-flops, AND gates 1 
and 2, and the one-shot. The operation of this control logic will be described in a 
later paragraph. 


The Receiver The receiver circuitry contains a 1-to-4 demultiplexer that re- 
ceives the Z signal from the transmitter’s multiplexer and demultiplexes it; that is, it 
separates the four different sets of data and distributes them to four different out- 
puts so that the data that came from register A will appear serially at Op, the data 
from register B at O;, and so on. The end result is almost the same as having each 
transmitter data register connected to its corresponding output in the receiver, ex- 
cept that the data are sent from one register at a time over the serial data transmis- 
sion path. 

The MOD-4 counters in the receiver have the same function as their counter- 
parts in the transmitter. The word counter selects which demultiplexer output will 
be receiving data, and the bit counter allows 4 bits of data to reach each output 
before advancing the word counter to its next state. The functions of the FF, OS, 
and AND gate are described below. 


Complete Operation It should be clear that in order for this data trans- 
mission to work properly, there has to be some means for synchronizing the selec- 
tion of the multiplexer inputs in the transmitter with the selection of the demulti- 
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Figure 9-35 Waveforms during one complete transmission cycle. 


plexer outputs in the receiver. We will go through a complete operation cycle to 
see how this synchronization is accomplished. For this illustration we will assume 
the following register data: 

[A] = 0110, [5] = 1001, [C] = 1011, [D] = 0100 
As we go through the following steps, we will refer to the waveforms in Figure 9-35. 


1. Flip-flops Wand X in the transmitter and flip-flop Y in the receiver are nor- 
mally LOW. The LOWs from X and Y will keep both sets of counters in the 
zero state. The LOW at W prevents CLOCK pulses from getting through AND 
gate 1. 

2. With both word counters at 00, the LOW at Apo passes through the multi- 
plexer to Z into the demultiplexer to output Op». All other demultiplexer out- 
puts are LOW, since they are not selected. 

3. This is the situation prior to time fo. At fo, the TRANSMIT pulse sets W= 1 to 
enable AND gate 1 to pass CLOCK pulses. These CLOCK pulses also become 
the TRANSMITTED CLOCK that is sent to the receiver along with the TRANS- 
MITTED DATA. 

4. The NGT of the first CLOCK pulse out of AND gate 1 will set X and Y both 
HIGH at time #. This removes the resets from the counters and also enables 
AND gates 2 and 3 to pass CLOCK pulses starting at 4. The pulses out of 
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AND gate 2 are the SHIFT pulses. The pulses out of AND gate 3 are exactly 
the same as the SHIFT pulses out of AND gate 2. 


The PGTs of the SHIFT pulses at 4, 4 and # will shift A), 42, and A; into the 
multiplexer, out of Z, into the demultiplexer, and out of output O. These 
three PGTs are also counted by both bit counters. 


The PGT at ¢é will shift all the registers back to their original data and will re- 
cycle the bit counters to 00. The NGT at QO; of the bit counters will increment 
the transmitter and receiver word counters to 01 to select 4 and O; respec- 
tively. Thus, the HIGH at B) will pass through the multiplexer into the de- 
multiplexer and out of Oj. 


The SHIFT pulses at &, &, and & will shift B,, B, and Bs into the multiplexer 
and out of O;. At fo the bit counters will recycle and increment the word 
counters to 10 to select 4 and O;. This places the HIGH from C at Z and at 
Oo. 

The SHIFT pulses at 41, 42, and #3 will shift Ci, CG, and G into the multi- 
plexer and out of O2. At f4 the bit counters recycle and increment the word 
counters to 11 to select & and O3. This places the LOW from Dy at Z and at 
Oz. 

The SHIFT pulses at fis, Ao, and 47 will shift D,, D2, and D3 into the multi- 
plexer and out of O3. At fg the bit counters recycle and increment the word 
counters to 00. The NGT at Q; of the word counters will trigger their respec- 
tive one-shots to produce narrow clearing pulses for FFs W, X, and Y. With 
these FFs all LOW, all CLOCK pulses and SHIFT pulses are inhibited, and all 
the counters remain in the zero state. 


The circuit conditions are back to their original state. No more data will be 
transmitted until the next TRANSMIT pulse occurs. 


The waveforms at Z and QO) to O3 show how the register data are multi- 


plexed onto the Z signal and then demultiplexed so that each output receives the 
correct data. 


REVIEW QUESTIONS 


i, 
2. 


Explain the difference between a DEMUX and a MUX. 


True or false: The circuit for a DEMUX is basically the same as for a de- 
coder. 


- For the system of Figure 9-33, what will the security guard see on the 


monitoring panel when all the doors are open? 


9-10) MORE IKFEE/ANSI SYMBOLOGY* 


We will now look at the IEEE/ANSI symbols for the MUX and DEMUX integrated 
circuits that we have been using. First consider the symbol for the 74151 shown in 
Figure 9-30(a). The label G® within the block denotes the AND dependency be- 


*This section may be skipped without affecting the continuity of the rest of the book. 
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tween the select inputs and each of the data inputs 0 through 7. In other words, 
each data input is ANDed with one specific combination of select inputs, and 
when that combination occurs, the data input is routed to the output. 

Figure 9-36(b) is the IEEE/ANSI symbol for the 74157 multiplexer. Recall 
from Figure 9-24 that this IC contains four two-input MUXes that operate identi- 
cally. The common-control block shows that the enable and select inputs are com- 
mon to all the MUXes. The notation G1 on the select input and the 1 and 1 labels 
on the data inputs indicate the AND dependency between the select input and the 
data inputs. The 1 label for 4a means that this input will be routed to output Z, 
only when the select input is a 0. Similarly, the 1 on the 4, input indicates that this 
input will be routed to Z, only when the select input is a 1. The other three 
MUXes operate the same way. 


EXAMPLE 9-12 


The IEEE/ANSI symbol for the 74150 IC is shown in Figure 9-36(c). What is the 
function of this device? 


Solution 


The 74150 is a 16-input multiplexer. Note the four select inputs required to select 
one of the 16 data inputs for transmission to the output. Also note that the output 
is inverted, so that it will be the inverse of the selected data input. 


Figure 9-37 is the IEEE/ANSI symbol for the 74LS138/HC138 DEMUX. Com- 
pare it to the symbol in Figure 9-17(c), where the same IC is used as a decoder. 


74LS138/HC138 


Figure 9-37 JEEE/ANSI symbol for the 
74LS138 DEMUX. 


9-11 MORE TROUBLESHOOTING 


Here are three more examples to illustrate the observation/reasoning process that 
is such an important initial step when troubleshooting. For each case, try to deter- 
mine the circuit fault before looking at the solutions. 
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EXAMPLE 9-13 


Consider the circuit of Figure 9-25. A test performed on this circuit yields the re- 
sults shown in Table 9-2. What is the probable circuit fault? 


Table 9-2 
Counter 2. 47s 8 S50 | 
Case 2 Counter 1 40 49 
Counter 2 72 79 
Case 3 Counter 1__ 96 96 
Counter 2 14 1G 
Solution 


In each of the test cases, the display of counter 1 matches the counter’s actual 
count. This indicates that the 4 inputs, all MUX outputs, and both displays are 
probably working correctly. On the other hand, each test case shows that counter 
2’s tens digit is displayed correctly but its units digit is displayed incorrectly. This 
could mean that there is a fault somewhere between the output of the units sec- 
tion of counter 2 and the 4 inputs of the units MUX. We should compare the bit 
patterns of the actual and displayed values of the units for counter 2 (Table 9-3). 
The idea is to look for things like a bit that does not change (stuck LOW or HIGH) 
or two bits that are reversed (crossed connections). The data in Table 9-3 reveal 
no obvious pattern. 


Table 9-3 
Actual Units Displayed Units 
Cocks HEMT | eee 
Case 2 Om oo 
Case 3 0100 (4) 0110 (6) 


If we take another look at the recorded test results, we see that the displayed 
units digit of counter 2 is always the same as the units digit of counter 1. This 
symptom is probably the result of a constant logic HIGH at the select input of the 
units MUX, since that would continually pass the units digit of counter 1 to the 
units MUX output. This constant HIGH at the select input is most likely caused by 
an open path somewhere between the select input of the tens MUX and the select 
input of the units MUX. It could not be caused by a short to Vec since that would 
also keep the select input of the tens MUX at a constant HIGH, and we know that 
the tens MUX is working. 
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EXAMPLE 9-14 


The security monitoring system of Figure 9-33 is tested and the results are recorded 
in Table 9-4. What are the possible faults that could produce these results? 


Table 9-4 


LEDs 


P  AILLEDs off 
LED 4 flashing 
TED 5 flashing 
LED 6 flashing 

_ LED 7 flashing» 


Solution 


Again, the data should be reviewed to see if there is some pattern that could help 
to narrow down the search for the fault to a small area of the circuit. The data in 
Table 9-4 reveal that the correct LEDs flash for the open doors 4 through 7. They 
also show that for open doors 0 through 3 the number of the flashing LED is four 
more than the number of the door, and LEDs 0 through 3 are always off. This is 
most probably caused by a constant logic HIGH at A2, the MSB of the select input 
of the DEMUX, since this would always make the select code 4 or greater, and it 
would add 4 to the select codes 0 through 3. 

Thus we have two possibilities: Az is somehow shorted to Vec or there is an 
open connection at A. A little thought will eliminate the first choice as a possibil- 
ity since this would also mean that S. of the MUX would also be stuck HIGH. If 
that were so, then the status of doors 0 through 3 would not get through the MUX 
and into the DEMUX. We know that this is not true because the data show that 
when any of these doors is open, it affects one of the DEMUX outputs. 


EXAMPLE 9-15 


A technician is troubleshooting a malfunctioning synchronous data transmission 
system (Figure 9-34). An oscilloscope is used to monitor the MUX and DEMUX 
outputs during a transmission cycle with the results shown in Figure 9-38. What 
are the possible causes of the malfunction? 


solution 
Examination of the waveforms produces the following observations: 


m All of the signals appear to be correct between & and f, with the Op signal 
containing the serial data from register A, and O; containing the serial data 
from register B. 
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Figure 9-38 Example 9-14. 


m The O; and O; outputs are never activated. 


m Between fio and #4, the Op output, rather than O2, contains the serial data 
from register C. 


m Between 44 and fs, the O, output, rather than O3, contains the serial data 
from register D. 


It appears that the select inputs of the receiver's DEMUX are selecting only 
Op and O,. This would happen if S; were stuck in the LOW state. This stuck node 
could be caused by an internal short to ground at S;, Qi, or the T input of the one- 
shot, or an external short to ground. The actual location of the short can be deter- 
mined using the techniques that have been presented in previous chapters. 


9-12 MAGNITUDE COMPARATOR 


Another useful member of the MSI category of ICs is the magnitude comparator. It 
is a combinational logic circuit that compares two input binary quantities and gen- 
erates outputs to indicate which one has the greater magnitude. Figure 9-39 shows 
the logic symbol and truth table for the 74HC85 four-bit magnitude comparator, 
which is also available as the 7485 and 74LS85. 


Data Inputs The 74HC85 compares two unsigned 4-bit binary numbers. 
One of them is A3A2A;Ao, which is called word A; the other is B3B2B,Bo, which is 
called word B. The term “word” is used in the digital computer field to designate a 
group of bits that represents some specific type of information. Here word A and 
word B represent numerical quantities. 


Outputs The 74HC85 has three active-HIGH outputs. Output Ossz will be 
HIGH when the magnitude of word A is greater than the magnitude of word B. 
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Figure 9-39 Logic symbol and truth table for a 74HC85 (7485, 74LS85) 4-bit magnitude comparator. 


Output Oy<g will be HIGH when the magnitude of word 4A is less than the 
magnitude of word B. Output Oy=, will be HIGH when word A and word B 
are identical. 


Cascading Inputs Cascading inputs provide a means for expanding the 
comparison Operation to more than 4 bits by cascading two or more 4-bit com- 
parators. Note that the cascading inputs are labeled the same as the outputs. When 
a 4-bit comparison is being made as in Figure 9-40(a), the cascading inputs should 
be connected as shown in order for the comparator to produce the correct out- 
puts. 

When two comparators are to be cascaded, the outputs of the lower-order 
comparator are connected to the corresponding inputs of the higher-order com- 
parator. This is shown in Figure 9-40(b), where the comparator on the left is com- 
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Figure 9-40 (a) 74HC85 wired as a 4-bit comparator; (b) two 74HC85s cascaded 
to perform an 8-bit comparison. 


paring the lower-order 4 bits of the two 8-bit words: A7A6A5A4A3A2A1A0 and 
B, BoB; B4.B3B2B,Bo. Its outputs are fed to the cascade inputs of the comparator on 
the right, which is comparing the high-order bits. The outputs of the high-order 
comparator are the final outputs that indicate the result of the 8-bit comparison. 


EXAMPLE 9-16 


Describe the operation of the 8-bit comparison arrangement in Figure 9-40(b) for 
the following cases. 


(a) A,Ac¢AsA4A3A2A1A0 = 10101111; Bo Bs B4B3B2B,Bo = 10110001 
(b) A7A¢A5A4A3A2A1A0 = 10101111; B)B6 BS By B3B2B,Bo = 10101001 


Solution 


(a) The high-order comparator compares its inputs A7A¢AsAq = 1010 and 
B,BoBsBs = 1011 and produces Os<g = 1 regardless of what levels are ap- 
plied to its cascade inputs from the low-order comparator. In other words, 
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once the high-order comparator senses a difference in the high-order bits of 
the two 8-bit words, it knows which 8-bit word is greater without having to 
look at the results of the low-order comparison. 

(b) The high-order comparator sees A7A¢A5A4 = B) BBB, = 1010, so it has to 
look at its cascade inputs to see the result of the low-order comparison. The 
low-order comparator has A3A42A;4p = 1111 and B3B,B, Bo) = 1001, which pro- 
duces a 1 at its O4s, output and the /4s,z input of the high-order comparator. 
The high-order comparator senses this 1, and since its data inputs are equal, 
produces a HIGH at its O4>, to indicate the result of the 8-bit comparison. 


Applications Magnitude comparators are often used as part of the address 
decoding circuitry used in a computer to select a specific input/output device or 
area of memory for the storage or retrieval of data. The comparators compare an 
address code generated by the central processer (CPU) with a hard-wired address 
code; if they are equal, the Oy=, output of the comparator will activate the device 
corresponding to that address. Magnitude comparators are also useful in control 
applications where a binary number representing the physical variable being con- 
trolled (e.g., position, speed) is compared with a reference value. The comparator 
outputs are used to actuate circuitry to drive the physical variable toward the refer- 
ence value. We will examine a typical comparator application in Problem 9-49. 


IKEE/ANSE Symbol Figure 9-41 shows the IEEE/ANSI symbol for the 
74HC85 comparator. Note that the symbol uses P and Q to represent the input 
variables. This is the preferred designation used by the IEEE/ANSI standard. 


REVIEW QUESTIONS 


1. What is the purpose of the cascading inputs of the 74HC85? 


2. What are the outputs of a 74HC85 with the following inputs: A3A2A1Ao = 
5B3.B2 By, Bo = 1001, iv > BB I, <A Q; and diag = 1}? 


Figure 9-41 [EEE/ANSI symbol for com- 
parator. 


74HC85 
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9-13 CODE CONVERTERS 


A code converter is a logic circuit that changes data presented in one type of bi- 
nary code to another type of binary code. The BCD-to-7-segment decoder/driver 
we presented earlier is a code converter because it changes a BCD input code to 
the 7-segment code needed by the LED display. A partial list of some of the more 
common code conversions is given in Table 9-5. 

As an example of a code converter circuit, let’s consider a BCD-to-binary 
converter. Before we get started on the circuit implementation, we should review 
the BCD representation. 

Two-digit decimal values ranging from 00 to 99 can be represented in BCD 
by two 4-bit code groups. For example, 5710 is represented as 


5 7 


OE, iD 


0101 0111 (BCD) 
The straight binary representation for decimal 57 is 
5710 = 1110012 
The largest two-digit decimal value of 99 has the following representations: 
9919 = 10011001 (BCD) = 11000112 
Note that the binary representation requires only 7 bits. 


Basic Idea The diagram of Figure 9-42 shows the basic idea for a two-digit 
BCD-to-binary converter. The inputs to the converter are the two 4-bit code 
groups Dyp@BAo, representing the 10° or units digit, and D,C\B,Ai, representing 
the 10! or tens digit of the decimal value. The outputs from the converter are 
bobsbib3b2b,b), the 7 bits of the binary equivalent of the same decimal value. Note 
the difference in the weights of the BCD bits and those of the binary bits. 

A typical use of a BCD-to-binary converter would be where BCD data from 
an instrument like a DMM (digital multimeter) are being transferred to a computer 
for storage or processing. The data must be converted to binary so that they can 
be operated on in binary by the computer ALU, which may not have the capability 
of performing arithmetic operations on BCD data. The BCD-to-binary conversion 
can be accomplished with either hardware or software. The hardware method 
(which we will look at momentarily) is generally faster but requires extra circuitry. 
The software method uses no extra circuitry, but it takes more time, since the soft- 


Table 9-5 


BCD to 7-segment 
BCD to binary 
Binary to BCD 
Binary to Gray code 
Gray code to binary 
ASCII to EBCDIC* 
EBCDIC to ASCII 


*EBCDIC is an alphanumeric 
code developed by IBM similar 
to ASCII. 
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Binary equivalent 


Figure 9-42 Basic idea of a two-digit BCD-binary converter. 


ware does it step by step. The method chosen in a particular application depends 
on whether or not conversion time is an important consideration. 


Conversion Process — The bits in a BCD representation have decimal 
weights which are 8, 4, 2, 1 within each code group but which differ by a factor of 
10 from one code group (decimal digit) to the next. Figure 9-42 shows the bit 
weights for the two-digit BCD representation. 

The decimal weight of each bit in the BCD representation can be converted 
to its binary equivalent. The results are given in Table 9-6. Using these weights, we 
can perform the BCD-to-binary conversion by simply doing the following: 


Compute the binary sum of the binary equivalents of all those 
bits in the BCD representation that are Is. 


The following example will illustrate. 


Table 9-6 Binary Equivalents of Decimal Weights 
of Each BCD Bit 


Binary Equivalent 
Decimal 
BCD Bit Weight be bs by bs b, bd, Do 
Ao 1 0 0 0 0 0 0) 1 
Bo 2 0 0 0 0 0 i 0 
® 4 0) 0 0 0) 1 0 0 
Do 8 0) 0 0 I 0 0 0 
A, 10 0 0 0 1 0 1 0 
B, 20 0 0) 1 0 1 0 0 
Ci 40 0 1 0) cf 0) 0) 0 
D, 80 1 0 1 0 0 0) 0) 
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EXAMPLE 9-1/7 


Convert 01010010 (BCD for decimal 52) to binary. Repeat for 10010101 (decimal 
93): 


Solution 


Write down the binary equivalents for all the 1s in the BCD representation. Then 
add them all together in binary. 
OCTLOLOOT i: <(BCD) 


=_— 0000010 (binary for 2) 
0001010 (binary for 10) 
+ 0101000 (binary for 10) 


0110100 (binary for 52) 
10010101 ° #£(BCD) 


= QOO00001 (binary for 1) 
0000100 (binary for 4) 
0001010 (binary for 10) 


+ 1010000 (binary for 80) 
1011111 (binary for 95) 


Circuit Implementation — Clearly, one way to implement the logic circuit 
that performs this conversion process is to use binary adder circuits. Figure 9-43 
shows how two 74LS83 four-bit parallel adders can be wired to perform the con- 
version. This is one of several possible adder arrangements that will work. You 
may want to review the operation of this IC in Section 6-14. 

The two adder ICs perform the addition of the BCD bits in the proper combi- 
nations according to Table 9-6. For instance, Table 9-6 shows that Ap is the only 
BCD bit that contributes to the LSB, 4, of the binary equivalent. Since there is no 
carry into this bit position, Ap is connected directly as output &. The table also 
shows that only BCD bits Bo and A; contribute to bit b; of the binary output. These 
two bits are combined in the upper adder to produce output 4). Likewise, only 
BCD bits Do, Ai, and C; contribute to bit b3. The upper adder combines Dy and A; 
to generate }2, which is connected to the lower adder, where C; is added to it to 
produce bs. 


EXAMPLE 9-18 


The BCD representation for decimal 56 is applied to the converter of Figure 9-43. 
Determine the } outputs from each adder and the final binary output. 


Solution 


Write down the bits of the BCD representation 01010110 on the circuit diagram. 
Since Ap = 0, the & bit of the output is 0. 

The top inputs to the upper adder are 0011. The bottom inputs are 0101. 
This adder adds these to produce 


CHAPTER 9 / MSI LOGIC CIRCUITS 


OOT1 
+ 0101 
1000 = 33 X21 Xo Outputs of upper adder 
The >; and Xo bits become binary outputs and , respectively. The %3 and %» 
bits are fed to the lower adder. The top inputs to the lower adder are therefore 
0010. The bottom inputs are 0101. This adder adds these to produce 
0010 
+ 0101 
0111 = ¥3 D2 S31 Yo Outputs of lower adder 
These bits become 6b5b4b3, respectively. 
Thus, we have l¢bsb;b3b2b,b) = 0111000 as the correct binary equivalent for 
decimal 56. 


Other Code Converter Implementations — While all types of code 
converters can be made by combining logic gates, adder circuits, or other combi- 
national logic, the circuitry can become quite complex, requiring many ICs. It is 
often more efficient to use a read-only memory (ROM) or programmable logic de- 


Figure 9-43 BCD-to-binary converter implemented with 74LS83 four-bit paral- 
lel adders. 


BCD representation 


74LS83 - 


23 2X 2, Xo 


74LS83 
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vice (PLD) to function as a code converter. As we will see in Chapters 11 and 12, 
these devices contain the equivalent of hundreds of logic gates, and can be pro- 
grammed to provide a wide range of logic functions. 


REVIEW QUESTIONS 


1. What is a code converter? 


2. How many binary outputs would a three-digit BCD-to-binary converter 
have? 


9-14 DATA BUSING 


In most modern computers the transfer of data takes place over a common set of 
connecting lines called a data bus. In these bus-organized computers, many differ- 
ent devices can have their outputs and inputs tied to the common data bus lines. 
Because of this, the devices that are tied to the data bus will often have tristate 
outputs, or they will be tied to the data bus through tristate buffers. 

Some of the devices that are commonly connected to a data bus are (1) mi- 
croprocessors, discussed in Chapter 13; (2) semiconductor memory chips, covered 
in Chapter 11; (3) digital-to-analog (DACs) converters and analog-to-digital con- 
verters (ADCs), described in Chapter 10. 

Figure 9-44 illustrates a typical situation in which a microprocessor (the CPU 
chip in a microcomputer) is connected to several devices over an eight-line data 
bus. The data bus is simply a collection of conducting paths over which digital 
data are transmitted from one device to another. Each device provides an 8-bit 
output that is sent to the inputs of the microprocessor over the eight-line data bus. 
Clearly, since the outputs of each of the three devices are connected to the same 
microprocessor inputs over the data bus conducting paths, we have to be aware of 
bus contention problems (Section 8-8) where two or more signals tied to the same 
bus line are active and are essentially fighting each other. Bus contention is 
avoided if the devices have tristate outputs or are connected to the bus through 
tristate buffers (Section 8-8). The enable inputs to each device (or its buffer) are 
used to ensure that no more than one device’s outputs are active at a given time. 


EXAMPLE 9-19 


(a) Describe the conditions necessary to transmit data from device 3 to the mi- 
croprocessor. 


(b) What will be the status of the data bus when none of the devices is enabled? 


Solution 


(a) ENABLE3 has to be activated; ENABLE1 and ENABLE2 must be in their inac- 
tive state. This will put the outputs of device 1 and device 2 in the Hi-Z state 
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(b) 


Microprocessor 
(CPU) 


ENABLE 1 —___+_ 
i i [| ‘Devices 
i ss eas 3 
a aes 
es 
i 
ae 
| a 
Device aes Ss EE 


ENABLE 3 


Note: V indicates 


ENABLE 2 


tristate outputs 


Figure 9-44 Three different devices can transmit 8-bit data over an 8-line data bus to a 
microprocessor; only one device at a time is enabled so that bus contention is avoided. 


and essentially disconnects them from the bus. The outputs of device 3 will 
be activated so that their logic levels will appear on the data bus lines and be 
transmitted to the inputs of the microprocessor. We can visualize this by 
covering up device 1 and device 2 as if they are not even part of the circuit; 
then we are left with device 3 alone connected to the microprocessor over 
the data bus. 


If none of the device enable inputs are activated, all of the device outputs 
are in the Hi-Z state. This disconnects all device outputs from the bus. Thus, 
there is no definite logic level on any of the data bus lines; they are in the in- 
determinate state. This condition is known as a floating bus, and each data 
bus line is said to be in a floating (indeterminate) state. An oscilloscope dis- 
play of a floating bus line would be unpredictable. A logic probe would indi- 
cate an indeterminate logic level. 
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REVIEW QUESTIONS 


1. What is meant by the term data bus? 
2. What is bus contention, and what must be done to prevent it? 
3. What is a floating bus? 


Y-10 THE 74173/L8173/HC173 TRISTATE REGISTER 


The devices connected to a data bus will contain registers (usually, flip-flops) that 
hold the device data. The outputs of these registers are usually connected to tris- 
tate buffers that allow them to be tied to a data bus. We are going to demonstrate 
the details of datas bus operation by using an IC register that includes the tristate 
buffers on the same chip: the TTL 74173 (also available in 74LS173 and CMOS 
74HC173 versions). Its logic diagram and truth table is shown in Figure 9-45. 

The 74173 is a 4-bit register with parallel in/parallel out capability. Note that 
the FF outputs are connected to tristate buffers that provide outputs Op through O3. 
Also note that the data inputs Do through D3 are connected to the D inputs of the 
register FFs through logic circuitry. This logic allows two modes of operation: (1) 
load, where the data at inputs Do to D3 are transferred into the FFs on the PGT of 
the clock pulse at CP, and (2) hold, where the data in the register do not change 
when the PGT of CP occurs. 


EXAMPLE 9-20 


(a) What input conditions will produce the load operation? 
(b) What input conditions will produce the hold operation? 


(c) What input conditions will allow the internal register outputs to appear at Op 
to O32? 


solution 


(a) The last two entries in the truth table show that each OQ output takes on the 
value present at its D input when a PGT occurs at CP provided that MR is 
LOW, and both input-enable inputs, /E; and [/, are LOW. 


(b) The third and fourth lines of the truth table state that when either /E input is 
HIGH, the D inputs have no effect and the O outputs will retain their current 
values when the PGT occurs. 


(c) The output buffers are enabled when both output-enable inputs, OF; and 
OF, are LOW. This will pass the register outputs through to the external out- 
puts Op to Os. If either output-enable input is HIGH, the buffers will be dis- 
abled and the outputs will be in the Hi-Z state. 


Note that the OE inputs have no effect on the data load operation. They are 
only used to control whether or not the register outputs are passed to the external 
outputs. 
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When either OE, or OE, is HIGH the ouput is in the OFF 
state (high impedance); however this does not affect the 
contents or sequential operating of the register 


H = HIGH voltage level Qo = output prior to PGT 
L = LOW voltage level 
X = immaterial 


Logic Diagram 


D, Do Dg 


Input IE, _ c 
Enable iE i 
VY Hu 


: 


Output | OE, 1 > 
@ 


Enable | OF, 
7 Oy O, 74173 O, oF 


Figure 9-45 Truth table and logic diagram for 74173 tristate register. (Courtesy of Fairchild, a Schlum- 
berger company) 


O00 


The logic symbol for the 74173/LS173/HC173 is given in Figure 9-46. We 
have included the IEEE/ANSI “&” notation to indicate the AND relationship of the 
two pairs of enable inputs. 


Data inputs 


Note: 


V indicates 
74173/LS173/HC173 a tristate 


output 


Data outputs 


Figure 9-46 Logic symbol for 74173/LS173/HC173 IC. 


REVIEW QUESTIONS 


1. Assume that both JE inputs are HIGH and that D)D,;D2D3 = 1011. What 
logic levels are present at the FF D inputs? 


2. True or false: The register cannot be loaded when the master reset input 
(MR) is held HIGH. 


3. What will be the output levels when MR = HIGH and both OE inputs are 
held low? 


9-16 DATA BUS OPERATION 


The data bus is very important in computer systems, and its significance will not 
be appreciated until our later studies of memories and microprocessors. For now, 
we will illustrate the data-bus operation for register-to-register data transfer. Figure 
9-47 shows a bus-organized system for three 74173 tristate registers. Note that each 
register has its pair of OE inputs tied together as one OF input, and likewise for 
the JE inputs. Also note that the registers will be referred to as registers A, B, 
and C’ from top to bottom. This is indicated by the subscripts on each input and 
output. 

In this arrangement, the data bus consists of four lines labeled DB to DBs. 
Corresponding outputs of each register are connected to the same data-bus line 
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DB; DB, DB, DBy 


Only one register's 
outputs should be 
enabled at one time 


Data bus 


Figure 9-47 Tristate registers connected to data bus. 
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(e.g., O34, Oz, and Ozc are connected to DB). Since the three registers have their 
outputs connected together, it is imperative that only one register have its outputs 
enabled and that the other two register outputs remain in the Hi-Z state. Other- 
wise, there will be “bus contention” (two or more sets of outputs fighting each 
other) producing uncertain levels on the bus and possible damage to the register 
output buffers. 

Corresponding register inputs are also tied to the same bus line (e.g., D3,, 
Ds, and D3c are tied to DB3). Thus, the levels on the bus will always be ready to 
be transferred to one or more of the registers depending on the /E inputs. 


Data Transfer Operation The contents of any one of the three registers 
can be parallel-transferred over the data bus to one of the other registers through 
the proper application of logic levels to the register enable inputs. In a typical sys- 
tem, the control unit of a computer (i.e., the CPU) will generate the signals that se- 
lect which register will put its data on the data bus, and which one will take the 
data from the data bus. The following example will illustrate this. 


EXAMPLE 9-21 


Describe the input signal requirements for transferring LA] > [C]. 


Solution 


First of all, only register A should have its outputs enabled. That is, we need 
OF, = 0, Oy = Obe= 1 

This will place the contents of register A onto the data-bus lines. 

Next, only register C should have its inputs enabled. For this, we want 

TEc=0, JE,s=JEx=1 

This will allow only register C to accept data from the data bus when the PGT of 
the clock signal occurs. 

Finally, a clock pulse is required to actually transfer the data from the bus 
into the register-C flip-flops. 


Bus Signals The timing diagram in Figure 9-48 shows the various signals in- 
volved in the transfer of the data 1011 from register A to register C. The /E and 
OE lines that are not shown are assumed to be in their inactive HIGH state. Prior 
to time #, the JEc and OE, lines are also HIGH, so that all of the register outputs 
are disabled and none of the registers will be placing their data on the bus lines. 
In other words, the data bus lines are in the Hi-Z or “floating” state as represented 
by the hatched lines on the timing diagram. The Hi-Z state does not correspond to 
any particular voltage level. 

At f, the Ec and OE, inputs are activated. The outputs of register A are en- 
abled, and they start changing the data bus lines DB; through DB) from the Hi-Z 
state to the logic levels 1011. After allowing time for the logic levels to stabilize on 
the bus, the PGT of the clock is applied at h. This PGT will transfer these logic 
levels into register C, since IE¢ is active. If the PGT occurs before the data bus has 
valid logic levels, unpredictable data will be transferred into C. 
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Figure 9-48 Signal activity during the transfer of the data 1011 from register A to register C. 


At B, the [Ec and OE, lines return to the inactive state. As a result, register 
A’s outputs go to the Hi-Z state. This removes the register A output data from the 
bus lines and the bus lines return to the Hi-Z state. 

Note that the data bus lines show valid logic levels only during the time in- 
terval when register A’s outputs are enabled. At all other times, the data bus lines 
are floating, and there is no way to easily predict what they would look like if dis- 
played on an oscilloscope. A logic probe would give an “indeterminate” indication 
if it were monitoring a floating bus line. Also note the relatively slow rate at which 
the signals on the data bus lines are changing. Although this effect has been some- 
what exaggerated in the diagram, it is a characteristic common to bus systems and 
is caused by the capacitive load on each line. This load consists of a combination 
of parasitic capacitance and the capacitances contributed by each input and output 
connected to the line. 


Simplified Bus Timing Diagram _ The timing diagram in Figure 9-48 
shows the signals on each of the four data bus lines. This same kind of signal ac- 
tivity occurs in digital systems that use the more common data buses of 8, 16, or 
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Figure 9-49 Simplified way to show signal activity on 
data bus lines. 


32 lines. For these larger buses, the timing diagrams like Figure 9-48 would get ex- 
cessively large and cumbersome. There is a simplified method for showing the sig- 
nal activity that occurs on a set of bus lines that uses only a single timing wave- 
form to represent the complete set of bus lines. This is illustrated in Figure 9-49 for 
the same data transfer situation depicted in Figure 9-48. Notice how the data bus 
activity is represented. Especially note how the valid data 1011 are indicated on 
the diagram during the h—& interval. We will generally use this simplified bus tim- 
ing diagram from now on. 


Expanding the Bus The data transfer operation of the four-line data bus 
of Figure 9-47 is typical of the operation of larger data buses found in most com- 
puters and other digital systems, usually the 8-, 16-, or 32-line data buses. These 
larger buses generally have many more than three devices tied to the bus, but the 
basic data transfer operation is the same: one device has its outputs enabled so that 
its data are placed on the data bus; another device has its inputs enabled so that it 
can take these data off the bus and latch them into its internal circuitry on the ap- 
propriate clock edge. 

The number of lines on the data bus will depend on the size of the data 
word (unit of data) that is to be transferred over the bus. A computer that has an 
8-bit word size will have an 8-line data bus, a computer that has a 16-bit word size 
will have a 16-line data bus, and so on. The number of devices connected to a 
data bus will vary from one computer to another and depends on factors such as 
how much memory the computer has and the number of input and output devices 
that must communicate with the CPU over the data bus. 

All device outputs must be tied to the bus through tristate buffers. Some de- 
vices, like the 74173 register, have these buffers on the same chip. Other devices 
will need to be connected to the bus through an IC called a bus driver. A bus dri- 
ver IC has tristate outputs with a very low output impedance that can rapidly 
charge and discharge the bus capacitance. This bus capacitance represents the cu- 
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Figure 9-50 A 74HC541 octal bus driver connects the outputs of an analog-to- 
digital converter (ADC) to an 8-line data bus. 


mulative effect of all the parasitic capacitances of the different inputs and outputs 
tied to the bus, and can deteriorate the bus signal transition times if they are not 
driven from a low-impedance signal source. Figure 9-50 shows a 74HC541 octal 
bus driver IC connecting the outputs of an 8-bit analog-to-digital converter (ADC) 
to a data bus. The bus driver’s two enable inputs are tied together so that a LOW 
on the common enable line will allow the ADC’s outputs through the buffers and 
onto the data bus from where they can be transferred to another device. 


Simplified Bus Representation — Usually, many devices are connected 
to the same data bus. On a circuit schematic this can produce a confusing array of 
lines and connections. For this reason, a more simplified representation of data- 
bus connections is often used on block diagrams and in some circuit schematics. 
One type of simplified representation is shown in Figure 9-51 for an eight-line data 
bus. 

The connections to and from the data bus are represented by wide arrows. 
The numbers in brackets indicate the number of bits that each register contains, as 
well as the number of lines connecting the register inputs and outputs to the bus. 

Another common method for representing buses on a schematic is presented 
in Figure 9-52 for an eight-line data bus. It shows the eight individual output lines 
from a 74HC541 bus driver labeled D;— Dy bundled (not connected) together and 
shown as a single line. These bundled data output lines are then connected to the 
data bus, which is also shown as one line (i.e., the eight data bus lines are bun- 
dled together). The “/8” notation indicates the number of lines represented by 
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Figure 9-51 Simplified representation of bus arrangement. 


each bundle. This bundle method is used to represent the connections from the 
data bus to the eight microprocessor data inputs. 


Bidirectional Busing Each register in Figure 9-47 has both its inputs and 
its Outputs connected to the data bus, so that corresponding inputs and outputs 
are shorted together. For example, each register has output O2 connected to input 
D> because of their common connection to DB. This, of course, would not be true 
if external bus drivers were connected between the register outputs and the data 
bus. 
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Figure 9-52 Bundle method for simplified representation of data bus connections. The “/8” de- 
notes an 8-line data bus. 


Because inputs and outputs are often connected together in bus systems, IC 
manufacturers have developed ICs that connect inputs and outputs together inter- 
nal to the chip in order to reduce the number of IC pins and the number of con- 
nections to the bus. Figure 9-53 illustrates this for a 4-bit register. The separate 
data input lines (Dy to D3) and output lines (OQ) to O3) have been replaced by 
input/output lines ([/Opo to I/Os). 

Each I/O line will function as either an input or an output depending on the 
states of the enable inputs. Thus, they are called bidirectional data lines. The 


Figure 9-53 — Bidirectional register connected to data bus. 
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74LS299 is an 8-bit register with common I/O lines. Many memory ICs and micro- 
processors have bidirectional transfer of data. 

We will return to the important topic of data busing in our comprehensive 
coverage of memory systems in Chapter 11 and in our introduction to micro- 
processors and microcomputers in Chapter 12. 


REVIEW QUESTIONS 


1. What will happen if OF, = OEg = LOW in Figure 9-47? 


2. What logic level is on a data bus line when all devices tied to the bus are 
disabled? 


3. What is the function of a bus driver? 
4, What are the reasons for having registers with common I/O lines? 


5. Redraw Figure 9-53(a) using the bundled line representation. The answer 
is shown in Figure 9-54. 


Bidirectional 
register 


Figure 9-54 
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PROBLEMS 


SECTION 9-1 


9-1. Refer to Figure 9-3. Determine the levels at each decoder output for the 
following sets of input conditions. 
(a) All inputs LOW 
(b) All inputs LOW except A; = HIGH 
(c) All inputs HIGH except £, = E, = LOW 
(d) All inputs HIGH 

9-2. What is the number of inputs and outputs of a decoder that accepts 64 dif- 
ferent input combinations? 


9-3. What set of input conditions will produce a LOW at O6 of a 74LS138? 
9-4. Show how to use 74LS138s to form a 1-of-16 decoder. 
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Figure 9-55 


9-5. Figure 9-55 shows how a decoder can be used in the generation of con- 
trol signals. Assume that a RESET pulse has occurred at time &, and deter- 
mine the CONTROL waveform for 32 clock pulses. 


9-6. Modify the circuit of Figure 9-55 to generate a CONTROL waveform that 
goes LOW from fo to hy. (Hint: The modification does not require addi- 
tional logic.) 

9-7. The 7442 decoder of Figure 9-5 does not have an ENABLE input. How- 
ever, we can operate it as a 1-of-8 decoder by not using outputs Og and 
Oo and by using the D input as an ENABLE. This is illustrated in Figure 
9-56. Describe how this arrangement works as an enabled 1-of-8 decoder, 
and state how the level on D either enables or disables the outputs. 
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9-8. Consider the waveforrns in Figure 9-57. Apply these signals to the 74LS138 
as follows: 


A — Ao; BO Ai; C—- Ad; D- Ef; 


Assume that E, and E2 are tied LOW, and draw the waveforms for outputs 
Oo, Oz, Os; and O7. 


Figure 9-57 


9-9. Modify the circuit of Figure 9-6 so that relay K, stays energized from & to 
t; and K2 stays energized from & to 6. (Hint: This modification requires no 
additional circuitry. ) 


SECTIONS 9-2 AND 9-3 


9-10. Show how to connect BCD-to-7-segment decoder/drivers and LED 7-seg- 
ment displays to the clock circuit of Figure 7-43 to display minutes and 
hours. Assume that each segment is to operate at approximately 10 mA at 
25. 


9-11. (a) Refer to Figure 9-10 and draw the segment and backplane waveforms 
relative to ground for CONTROL = 0. Then draw the waveform of 
segment voltage relative to backplane voltage. 

(b) Repeat for CONTROL = 1. 


9-12. The BCD-to-7-segment decoder/driver of Figure 9-8 contains the logic for 
activating each segment for the appropriate BCD inputs. Design the logic 
for activating the g segment. 


SECTION 9-4 
9-13. DRILL QUESTION 


For each statement indicate whether it is referring to a decoder or an en- 
coder. 

(a) Has more inputs than outputs. 

(b) Is used to convert key actuations to a binary code. 

(c) Only one output can be activated at one time. 

(d) Can be used to interface a BCD input to an LED display. 

(e) Often has driver-type outputs to handle large Jand V. 


9-14. Determine the output levels for the 74147 encoder when Ag = A4 = 0 and 
all other inputs are HIGH. 
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9-15. 


9-16. 


Apply the signals of Figure 9-57 to the inputs of a 74147 as follows: 
A- Az, Bo Ay C— Ao, D> A, 
Draw the waveforms for the encoder’s outputs. 


Figure 9-58 shows the block diagram of a logic circuit used to control the 
number of copies made by a copy machine. The machine operator selects 
the number of desired copies by closing one of the selector switches 5, to 
Sy. This number is encoded in BCD by the encoder and sent to a com- 
parator circuit. The operator then hits a momentary-contact START switch, 
which clears the counter and initiates a HIGH OPERATE output that is 
sent to the machine to signal it to make copies. As the machine makes 
each copy, a copy pulse is generated and fed to the BCD counter. The 
counter Outputs are continually compared with the switch encoder outputs 
by the comparator. When the two BCD numbers match, indicating that the 
desired number of copies have been made, the comparator output X goes 
LOW, this causes the OPERATE level to return LOW and stop the machine 
so that no more copies are made. Activating the START switch will cause 
this process to be repeated. Design the complete logic circuitry for the 
comparator and control sections of this system. 


Decimal- 
to-BCD 


BCD 


comparator counter 


encoder 


+5 V 


Start 
ro (ton Control OPERATE 
[T° logic 0 = machine is OFF 
1 = machine is ON 


Figure 9-58 


ye 9-17. The keyboard circuit of Figure 9-16 is designed to accept a three-digit dec- 


we 
oF 


“XN 


\ 


imal number. What would happen if four digit keys were activated (e.g., 
3095)? Design the necessary logic to be added to this circuit so that after 
three digits have been entered, any further digits will be ignored until the 
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048 


CLEAR key is depressed. In other words, if 3095 is entered on the key- 
board, the output registers will display 309 and ignore the 5 and any sub- 
sequent digits until the circuit is cleared. 


SECTION 9-6 


4 9-18. 


4 9-19. 
4 9-20. 


4 9-21. 


4 9-22. 


A technician breadboards the keyboard entry circuit of Figure 9-16 and 
tests its operation by trying to enter a series of three-digit numbers. He 
finds that sometimes the digit “0” is entered instead of the digit he 
pressed. He also observes that it happens with all the keys more or less 
randomly, although it is worse for some keys than others. He replaces all 
the ICs, and the malfunction persists. Which of the following circuit faults 
would explain his observations? Explain each choice. 

(a) The technician forgot to ground the unused inputs of the OR gate. 
(b) He has mistakenly used Q instead of O from the one-shot. 

(c) The switch bounce from the digit keys lasts longer than 20 ms. 

(d) The Yand Z outputs are shorted together. 


Repeat Problem 9-18 with the following symptom: the registers and dis- 
plays stay at O no matter how many times a key is pressed. 


While testing the circuit of Figure 9-16, a technician finds that every odd- 

numbered key results in the correct digit being entered, but every even- 

numbered key results in the wrong digit being entered as follows: the “0” 

key causes a “1” to be entered, the “2” key causes a “3” to be entered, the 

“4” key causes a “5” to be entered, and so on. Consider each of the fol- 

lowing faults as possible causes of the malfunction. For each one explain 

why it can or cannot be the actual cause. 

(a) An open connection from the output of the LSB inverter to the D 
inputs of the FFs. 

(b) The Dinput of flip-flop Qs is internally shorted to Vcc. 

(c) A solder bridge is shorting Oo to ground. 

A technician tests the circuit of Figure 9-4 as described in Example 9-7, 

and obtains the following results: all of the outputs work except O16 to 

O19 and O24 to O27, which are permanently HIGH. What is the most prob- 

able circuit fault? 

A technician tests the circuit of Figure 9-4 as described in Example 9-7 and 

finds that the correct output is activated for each possible input code ex- 


Table 9-7 


Input Code 


A4A3A2A1A0 Activated Outputs 


1000 6 Ow and On 
100601 Oy and Ors 
100170 Org and Ox 
10011 Ow and On 
1010.0 Ox and Org 
O10 1 Ox and Oxy 
1. 6d 8 Ox and O30 
b Apa Ste] Ox» and Ox 
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cept those listed in Table 9-7. Examine this table and determine the proba- 
ble cause of the malfunction. 

4 9-23. Suppose that a 22-() resistor was mistakenly used for the g segment in Fig- 
ure 9-8. How would this affect the display? What possible problems could 
occur? 


4 9-24. Repeat Example 9-8 with the observed sequence shown below. 


Observed 
display 


COUNT ee eS ae 
Observed iF ; 


4 9-26. To test the circuit of Figure 9-11, a technician connects a BCD counter to 
the 4511b inputs and pulses the counter at a very slow rate. She notices 
that the fsegment works erratically, and no particular pattern is evident. 
What are some of the possible causes of the malfunction? (Hint: Remem- 
ber, the ICs are CMOS.) 


SECTIONS 9-7 AND 9-8 


9-27. The circuit in Figure 9-59 uses three 2-input multiplexers (Figure 9-20). 
Determine the function performed by this circuit. 


Figure 9-59 
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9-28. Use the idea from Problem 9-27 to arrange several 74151 1-of-8 multiplex- 
ers to form a 1-of-64 multiplexer. 
Wy 9-29. Show how two 74157s and a 74151 can be arranged to form a 1-of-16 
~ multiplexer with no other required logic. Label the inputs 4 to fs to show 
how they correspond to the select code. 
9-30. (a) Expand the circuit of Figure 9-25 to display the contents of 2 three- 
stage BCD counters. 
(b) Count the number of connections in this circuit and compare it with 
the number required if a separate decoder/driver and display were 
used for each stage of each counter. 


9-31. Figure 9-60 shows how a multiplexer can be used to generate logic wave- 
forms with any desirable pattern. The pattern is programmed using eight 
SPDT switches, and the waveform is repetitively produced by pulsing the 
MOD-8 counter. Draw the waveform at Zfor the given switch positions. 


8-input 
Si multiplexer 


fr 74HC151 
MOD-8 cx 
counter 


Figure 9-60 


9-32. Change the MOD-8 counter in Figure 9-60 to a MOD-16 counter and con- 
nect the MSB to the multiplexer F input. Draw the Z waveform. 


9-33. Show how a 74151 can be used to generate the logic function Z = AB + 
BG + AG, 


9-34. Show how a 16-input multiplexer such as the 74150 (Figure 9-36) is used 


to generate the function Z= ABCD + BCD + ABD + ABCD. 


9-35. The circuit of Figure 9-61 shows how an 8-input MUX can be used to gen- 
erate a four-variable logic function even though the MUX has only three 
SELECT inputs. Three of the logic variables A, B, and Care connected to 
the SELECT inputs. The fourth variable D and its inverse D are connected 
to selected data inputs of the MUX as required by the desired logic func- 
tion. The other MUX data inputs are tied to a LOW or a HIGH as required 
by the function. 
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(a) Set up a truth table showing the output Z for the 16 possible 
combinations of input variables. 

(b) Write the sum-of-products expression for Z and simplify it to verify 
that 


Z= CBA + DCBA+ DCBA 


#5 V 


Db & & & & SE 


74HC151 
MUX 


Figure 9-61 


vv 9-36. The method used in Figure 9-61 can be used to generate any four-variable 

“i logic function by following these steps: 

1. Set up the truth table for the desired function with Zas the output. 

2. Write the sum-of-products expression for Z; do not simplify it. For 
example, Z= DCBA + DCBA + DCBA + DCBA + DCBA+ DCBA. 

3. Look for terms that have the same combination of C, B, and A, and 


factor: 
Z= DCBA + CBA(D + D) + CBA(D + D) + DCBA 
= DCBA+ CBA + CBA+ DCBA 
4. Consider those terms that contain only C, B, and A in normal or 


complemented form. For each of these, connect the corresponding 
MUX data input to a HIGH: 


CBA — connect HIGH to input & 
CBA — connect HIGH to input 4 


5. Consider the terms that contain the D variable. Connect the D or D 
variable to the MUX input that corresponds to the CBA variables: 
DCBA — connect D to input 4 
DCBA- connect D to input /, 
6. Connect the remaining MUX inputs to a LOW. 
(a) Verify the design of Figure 9-61 using this method. 
(b) Use this method to implement a function that will produce a 


HIGH only when the four input variables are at the same level or 
when the Band C’variables are at different levels. 
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SECTION 9-9 


9-37. DRILL QUESTION 
For each statement indicate whether it is referring to a decoder, an en- 
coder, a MUX, or a DEMUX. 

(a) Has more inputs than outputs. 

(b) Uses SELECT inputs. 

(c) Can be used in parallel-to-serial conversion. 

(d) Produces a binary code at its output. 

(e) Only one of its outputs can be active at one time. 

(f) Can be used to route an input signal to one of several possible 
outputs. 

(g) Can be used to generate arbitrary logic functions. 

9-38. Show how the 7442 decoder can be used as 1-to-8 demultiplexer. (Hint: 
See Problem 9-7.) 

9-39. Apply the waveforms of Figure 9-57 to the inputs of the 74LS138 DEMUX 
of Figure 9-31(a) as follows: 

D- Ad, C— Ai, B- Ao, Ak, 
Draw the waveforms at the DEMUX outputs. 

9-40. Consider the system of Figure 9-33. Assume that the clock frequency is 10 
pps. Describe what the monitoring panel indications will be for each of 
the following cases. 

(a) All doors closed 
(b) All doors open 
(c) Doors 2 and 6 open 
Wy 9-41. Modify the system of Figure 9-33 to handle 16 doors. Use a 74150 sixteen- 
. input MUX and two 74LS138 DEMUXes. How many lines are going to the 
remote monitoring panel? 
9-42. Draw the waveforms at Z, Op, Oi, Ox, and O; in Figure 9-34 for the follow- 
ing register data: [A] = 0011, [B] = 0110, [C] = 1001, [D] = 0111. 


SECTION 9-11 


4 9-43. Consider the control sequencer of Figure 9-27. Describe how each of the 
following faults will affect the operation. 
(a) The & input of the MUX is shorted to ground. 
(b) The connections from sensors 3 and 4 to the MUX are reversed. 

4 9-44. Consider the circuit of Figure 9-25. A test of the circuit yields the results 
shown in Table 9-8. What are the possible causes of the malfunction? 


Table 9-8 
Actual Count Displayed Count 
Case 1 Counter 1 a a5 
Counter 2 47 47 
Case 2 Counter 1 82 O2 
Counter 2 64 64 
Case 3 Counter 1 63 63 
Counter 2 95 15 
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445. A test of the security monitoring system of Figure 9-33 produces the re- 
sults recorded in Table 9-9. What are the possible faults that could cause 


4 9-46. 


this operation? 


Table 9-9 


Condition 


All doors closed 


Door 0 open 
Door 1 open 
Door Z open 
Door 3 open 
Door 4 open 
Door 5 open 
Door 6 open 
Door 7 open 


LEDs 


All LEDs off 

LED 0 flashing 
LED 2 flashing 
LED 1 flashing 
LED 3 flashing 
LED 4 flashing 
LED 6 flashing 
LED 5 flashing 
LED 7 flashing 


A test of the security monitoring system of Figure 9-33 produces the re- 
sults recorded in Table 9-10. What are the possible faults that could cause 


this operation? 


Table 9-10 


Condition 


All doors closed 


LEDs 


ALL LEDs off 


Door 0 open 
Door 1 open 
Door 2 open 
Door 3 open 
Door 4 open 
Door 5 open 


LED 0 flashing 
LED 1 flashing 
LED 2 flashing 
LED 3 flashing 
LED 4 flashing 
LED 5 flashing 


Door 6 open 
Door 7 open 
Doors 6 and 7 open 


No LED flashing 
No LED flashing 
LEDs 6 and 7 flashing 


4 9-47. Suppose that the synchronous data transmission system of Figure 9-34 is 

malfunctioning as follows: the Z waveform is correct, but the Op waveform 
is identical to the Z waveform at all times while the other outputs are con- 
stantly LOW. What circuit faults could cause this malfunction? Assume the 
circuitry is TTL, and explain each choice. 


4 9-48. 


The synchronous data transmission system of Figure 9-34 is malfunction- 
ing, and the waveforms are displayed on a high-speed oscilloscope (Fig- 
ure 9-62). Note the glitches on the O; signal. Consider the two possible 
faults given below. For each one, explain whether or not it can be the 
cause of the malfunction. 
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(a) The connections to the S; and S pins of the DEMUX are reversed. 
(b) The connections to the Q; and Q) pins of the receiver’s word counter 
are reversed. 


Figure 9-62 


SECTION 9-12 


‘iy 9-49, Redesign the circuit of Problem 9-16 using a 74HC85 magnitude compara- 
tor. Add a “copy overflow” feature that will activate an ALARM output if 
the OPERATE output fails to stop the machine when the requested num- 
ber of copies are done. 


Wu 
“7 


9-50. Show how to connect 74HC85s to compare two 10-bit numbers. 
SECTION 9-13 


9-51. Assume a BCD input of 69 to the code converter of Figure 9-43. Deter- 
mine the levels at each } output and at the final binary output. 
4 9-52. A technician tests the code converter of Figure 9-43 and observes the fol- 
lowing results: 
BCD input Binary output 


52 0110011 
95 1100000 
2/ 0011011 


What is the probable circuit fault? 
SECTIONS 9-14 TO 9-16 


9-53. DRILL QUESTION 


True or false: 

(a) A device connected to a data bus should have tristate outputs. 

(b) Bus contention occurs when more than one device takes data from 
the bus. 

(c) Larger units of data can be transferred over an eight-line data bus 
than a four-line data bus. 

(d) A bus driver IC generally has a high output impedance. 

(e) Bidirectional registers and buffers have common I/O lines. 
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9-54. 


9-55. 


For the bus arrangement of Figure 9-47, describe the input signal require- 

ments for simultaneously transferring the contents of register C to both of 

the other registers. 

Assume that the registers in Figure 9-47 are initially LA] = 1011, [B] = 1000, 

and [C] = 0111. The signals in Figure 9-63 are applied to the register in- 

puts. 

(a) Determine the contents of each register at times 4, h, &, and &. 

(b) Describe what would happen if JE, were LOW when the third clock 
pulse occurred. 


OE, rs i 

OE, a a 

OE; 1 as co ae 

— | 
IE, 1 . 
| 
| 
_ | 
IEC 1 | Tr +Y [ 
| 
| | | 
| | | 

CLK 0 on [i | |i | ae 

ty ty ts ty 

Figure 9-63 

9-56. Assume the same initial conditions of Problem 9-55 and sketch the signal 
on DB; for the waveforms of Figure 9-63. 

9-57. Figure 9-64 shows two more devices that are to be added to the data bus 
of Figure 9-47. One is a set of buffered switches that can be used to man- 
ually enter data into any of the bus registers. The other device is an out- 
put register that is used to latch any data that are on the bus during a data 
transfer operation and display them on a set of LEDs. 

(a) Assume all registers are at 0000. Outline the sequence of operations 
needed to load the registers with the following data from the 
switches: [A] = 1011, [B] = 0001, [C] = 1110. 
(b) What will be the state of the LEDs at the end of this sequence? 
9-58. Now that the circuitry of Figure 9-64 has been added to Figure 9-47, a 


total of five devices are connected to the data bus. The circuit in Figure 
9-65(a) will now be used to generate the enable signals needed to per- 
form the different data transfers over the data bus. It uses a 74HC139 chip 
that contains two identical independent 1-of-4 decoders with active LOW 
enable. The top decoder is used to select the device that will put data on 
the data bus (output select), and the bottom decoder is used to select the 
device that is to take the data from the data bus (input select). Assume 
that the decoder outputs are connected to the corresponding enable in- 
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006 


4+5V Data bus 


O from 
Fig. 9.47 
077---———— N 
1K 9AHC125 DB; DB, DB, DBo 
SW3 foe : 
) 
| e +5V 
C) 


Fete}, 
mel 


74HC174_ = 7406 


(from Fig.9.47) | Fof Pf fers 


Figure 9-64 


puts of the devices tied to the data bus. Also assume that all registers are 

initially at 0000 at time 4, and the switches are in the positions shown in 

Figure 9-64. 

(a) Determine the contents of each register at times 4, h, and & in 
response to the waveforms in Figure 9-65(b). 

(b) Can “bus contention” ever occur with this circuit? Explain. 


Figure 9-65 
To Figs. 
74HC139 9.47, 9.64 
a : 
OS E : 
pee 1 new OS, | 
select OS, OE, 
OE, OS, | | 
OE, 
IS, | | 
Input IS; 
select TS ISo ee an 
ISo IEc 


(a) (b) 
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9-59. Show how a 74HC541 (Figure 9-50) can be used in the circuit of Figure 
9-64. 


MICROCOMPUTER APPLICATIONS 


“9-60. Figure 9-66 shows the basic circuitry to interface a microprocessor (MPU) 
. to a memory module. The memory module will contain one or more 
memory ICs (Chapter 11) that can either receive data from the MPU (a 
WRITE operation) or send data to the MPU (a READ operation). The data 

are transferred over the eight-line data bus. The MPU’s data lines and the 
memory’s I/O data lines are connected to this common bus. For now we 

will be concerned with how the MPU controls the selection of the mem- 


ory module for a READ or WRITE operation. 


The steps involved are: 
1. The MPU places the memory address on its address output lines Ajs5 
to Ao. 


74LS138 
decoder 


memory 
module 


Memory 
module 


Data Bus 


Figure 9-66 — Basic microprocessor-to-memory interface circuit. 
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2. The MPU generates the R/W signal to inform the memory module 
which operation is to be performed: R/W = 1 for READ, R/W = 0 for 
WRITE. 

3. The upper 5 bits of the MPU address lines are decoded by the 
74LS138, which controls the ENABLE input of the memory module. 
This ENABLE input must be active in order for the memory module to 
do a READ or WRITE operation. 

4. The other 11 address bits are connected to the memory module, 
which uses them to select the specific internal memory location 
being accessed by the MPU, provided ENABLE is active. 


In order to read from or write into the memory module, the MPU must put 
the correct address on the address lines to enable the memory, and then 
pulse CP to the HIGH state. 

(a) Determine which, if any, of these hexadecimal addresses will activate 
the memory module: 607F; 57FA; 5FOO. 

(b) Determine what range of hex addresses will activate the memory. 
(Hint: Inputs Ap to Aigo to memory can be any combination.) 

(c) Assume that a second identical memory module is added to the 
circuit with its address, R/W, and data I/O lines connected exactly the 
same as the first module except that its ENABLE input is tied to 
decoder output Oy. What range of hex addresses will activate this 
second module? 

(d) Is it possible for the MPU to read from or write to both modules at 
the same time? Explain. 


DESIGN PROBLEM 


9-61. The keyboard entry circuit of Figure 9-16 is to be used as part of an elec- 


tronic digital lock that operates as follows: When activated, an UNLOCK 

output goes HIGH. This HIGH is used to energize a solenoid that retracts 

a bolt and allows a door to be opened. To activate UNLOCK, the operator 

has to press the CLEAR key and then enter the correct three-key se- 

Guenice. 

(a) Show how 74HC85 comparators and any other needed logic can be 
added to the keyboard entry circuit to produce the digital lock 
operation described above for a key sequence of CLEAR-3-5-8. 

(b) Modify the circuit to activate an ALARM output if the operator enters 
something other than the correct three-key sequence. 


ANSWERS TO SECTION REVIEW QUESTIONS 


SECTION 9-1 


1. No 2. The enable input controls 
whether or not the decoder logic 
responds to the input binary code. 

3. The 7445 has open-collector outputs 
that can handle up to 30 V and 80 mA. 
4. 24 pins: 2 enables, 16 inputs, 4 
outputs, Voc, and ground 
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SECTION 9-2 
1 aobcf eg 2. True 
SECTION 9-3 


1. LEDs: (a), (e), (f); LCDs: (b), (©), (d), 
(e) 


SECTION 9-4 


1. An encoder produces an output code 
corresponding to the activated input. A 
decoder activates one output 
corresponding to an applied input code. 
2. In a priority encoder, the output code 
corresponds to the bighestnumbered 
input that is activated. 3. Normal BCD 
= 0110 4. (a) Produces a PGT when 
a key is pressed (b) Converts key 
actuation to its BCD code 

(c) Generates bounce-free pulse to trigger 
the ring counter (d) Form a ring 
counter that sequentially clocks output 
registers (e) Stores BCD codes 
generated by key actuations 


SECTION 9-5 


1. BCD-to-decimal decoder 2. High 
priority 3. Buffer or driver 


SECTION 9-7 


1. The binary number at the select inputs 
determines which data input will pass 
through to the output. 2. Thirty-two 
data inputs and five select inputs 


SECTION 9-8 


1. Parallel-to-serial conversion, data 
routing, logic-function generation, 


operations sequencing 2. False—they 
are applied to the select inputs. 

3. Counter 

SECTION 9-9 


1. A MUX selects one of many input 
signals to be passed to its output; a 
DEMUxX selects one of many outputs to 
receive the input signal. 2. [rue, 
provided the decoder has an ENABLE 
input. 3. The LEDs will go on and off 
in sequence. 


SECTION 9-12 


1. To provide a means for expanding the 
compare operations to numbers with 
more than 4 bits. ae. Oyen = 1y-other 
Outputs are 0. 


SECTION 9-13 


1. A code converter takes input data 
represented in one type of binary code 
and converts it to another type of binary 
code. 2. Three digits can represent 
decimal values up to 999. To represent 
999 in straight binary requires 10 bits. 


SECTION 9-14 


1. A set of connecting lines to which the 
inputs and outputs of many different 
devices can be connected 2. Bus 
contention occurs when the outputs of 
more than one device connected to a bus 
are enabled at the same time. It is 
prevented by controlling the device 
enable inputs so that this cannot happen. 
3. A condition in which all devices 
connected to a bus are in the Hi-Z state. 


SECTION 9-15 
1. 1011 2. [tue 3. 0000 
SECTION 9-16 


1. Bus contention 2. Floating, Hi-Z 
3. Provides tristate low-impedance 
outputs 4. Reduces number of IC pins 
and number of connections to data bus 

5. See Figure 9-54. 


CHAPTER 9 / ANSWERS TO SECTION REVIEW QUESTIONS 


009 


Interfacing with the 


Analog World 


OUTLINE | 


10-1 Interfacing with the Analog 
World 


10-2 Digital-to-Analog Conversion 
10-3. D/A-Converter Circuitry 

10-4 DAC Specifications 

10-5 An Integrated-Circuit DAC 
10-6 DAC Applications 

10-7 Troubleshooting DACs 

10-8 Analog-to-Digital Conversion 


10-9 Digital-Ramp ADC 

10-10 Data Acquisition 

10-11 Successive-Approximation ADC 
10-12 Flash ADCs 

10-13 Other A/D Conversion Methods 
10-14 Digital Voltmeter 

10-15 Sample-and-Hold Circuits 

10-16 Multiplexing 

10-17 Digital Storage Oscilloscope 


OBJECTIVES 


Upon completion of this chapter, you will be able to: 
m Understand the theory of operation and circuit limitations of several 
types of digital-to-analog converters (DACs). 
m Read and understand the various DAC manufacturer specifications. 
mw Use different test procedures to troubleshoot DAC circuits. 


m Compare the advantages and disadvantages among the digital-ramp ana- 
log-to-digital converter (ADC), successive-approximation ADC, and flash 
ADC. 


m Analyze the process by which a computer in conjunction with an ADC 
digitizes an analog signal and then reconstructs that analog signal from 
the digital data. 


m Describe the basic operation of a digital voltmeter. 


m Understand the need for using sample-and-hold circuits in conjunction 
with ADCs. 


m@ Describe the operation of an analog multiplexing system. 


m Understand the features and basic operation of a digital storage oscillo- 
scope. 


10-1 INTERFACING WITH THE ANALOG WORLD 


Review of Digital versus Analog — A digital quantity will have a value 
that is specified as one of two possibilities such as 0 or 1, LOW or HIGH, true or 
false, and so on. In practice, a digital quantity such as a voltage may actually have 
a value that is anywhere within specified ranges, and we define values within a 
given range to have the same digital value. For example, for TTL logic we know 
that 

0 V to 0.8 V = logic 0 


2Vto5 V = logic 1 


061 


Any voltage falling in the range 0 to 0.8 V is given the digital value 0, and any 
voltage in the range 2 to 5 V is assigned the digital value 1. The exact voltage val- 
ues are not significant, because the digital circuits respond in the same way to all 
voltage values within a given range. 

By contrast, an analog quantity can take on any value over a continuous 
range of values, and, most important, its exact value is significant. For example, 
the output of an analog temperature-to-voltage converter might be measured as 
2.76 V, which may represent a specific temperature of 27.6°C. If the voltage was 
measured as something different, such as 2.34 V or 3.78 V, this would represent a 
completely different temperaure. In other words, each possible value of an analog 
quantity has a different meaning. Another example of this is the output voltage 
from an audio amplifier into a speaker. This voltage is an analog quantity because 
each of its possible values produces a different response in the speaker. 

Most physical variables are analog in nature and can take on any value 
within a continuous range of values. Examples include temperature, pressure, 
light intensity, audio signals, position, rotational speed, and flow rate. Digital sys- 
tems perform all of their internal operations using digital circuitry and digital op- 
erations. Any information that has to be inputted to a digital system must first be 
put into digital form. Similarly, the outputs from a digital system are always in 
digital form. When a digital system such as a computer is to be used to monitor 
and/or control a physical process, we must deal with the difference between the 
digital nature of the computer and the analog nature of the process variables. 
Figure 10-1 illustrates the situation. This diagram shows the five elements that are 
involved when a computer is monitoring and controlling a physical variable that 
is assumed to be analog: 


1. Transducer. The physical variable is normally a nonelectrical quantity. A 
transducer is a device that converts the physical variable to an electrical vari- 
able. Some common transducers include thermistors, photocells, photodi- 
odes, flow meters, pressure transducers, and tachometers. The electrical out- 
put of the transducer is an analog current or voltage that is proportional to 
the physical variable it is monitoring. For example, the physical variable 
could be the temperature of water in a large tank that is being filled from 
cold and hot water pipes. Let’s say that the water temperature varies from 
80 to 150°F and that a thermistor and its associated circuitry convert this wa- 
ter temperature to a voltage ranging from 800 to 1500 mV. Note that the 


Figure 10-1 Analog-to-digital converter (ADC) and digital-to-analog converter (DAC) are used to interface 
a computer to the analog world so that the computer can monitor and control a physical variable. 
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transducer’s output is directly proportional to temperature; such that each 1°F 
produces a 10-mV output. This proportionality factor was chosen for conve- 
nience. 


2. Analog-to-digital converter (ADC). The transducer’s electrical analog out- 
put serves as the analog input to the ADC. The ADC converts this analog 
input to a digital output. This digital output consists of a number of bits that 
represent the value of the analog input. For example, the ADC might convert 
the transducer’s 800- to 1500-mV analog values to binary values ranging from 
01010000 (80) to 10010110 (150). Note that the binary output from the ADC 
is proportional to the analog input voltage so that each unit of the digital 
output represents 10 mV. 


3. Computer. The digital representation of the process variable is transmitted 
from the ADC to the digital computer, which stores the digital value and 
processes it according to a program of instructions that it is executing. The 
program might perform calculations or other operations on this digital repre- 
sentation of temperature to come up with a digital output that will eventually 
be used to control the temperature. 


4. Digital-to-analog converter (DAC). This digital output from the computer 
is connected to a DAC, which converts it to a proportional analog voltage or 
current. For example, the computer might produce a digital output ranging 
from 00000000 to 11111111, which the DAC converts to a voltage ranging 
from 0 to 10 V. 


5. Actuator. The analog signal from the DAC is often connected to some device 
or circuit that serves as an actuator to control the physical variable. For our 
water temperature example, the actuator might be an electrically controlled 
valve that regulates the flow of hot water into the tank in accordance with 
the analog voltage from the DAC. The flow rate would vary in proportion to 
this analog voltage, with 0 V producing no flow and 10 V producing the 
maximum flow rate. 


Thus we see that ADCs and DACs function as interfaces between a com- 
pletely digital system, like a computer, and the analog world. This function has be- 
come increasingly more important as inexpensive microcomputers have moved 
into areas of process control where computer control was previously not feasible. 


REVIEW QUESTIONS 


2. What is the function of an. 
3. What does a computer often do with. the data it receives from an Abe | 
4. What function does. a DAC perfoon : | 
5. eee is oe function of an actuator? 


10-2 DIGITAL-TO-ANALOG CONVERSION 


We will now begin our study of digital-to-analog (D/A) and analog-to-digital (A/D) 
conversion. Since many A/D conversion methods utilize the D/A conversion 
process, we will examine D/A conversion first. 
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Digital 
inputs 


Basically, D/A conversion is the process of taking a value represented in digi- 
tal code (such as straight binary or BCD) and converting it to a voltage or current 
which is proportional to the digital value. Figure 10-2(a) shows the symbol for a 
typical 4-bit D/A converter. We will not concern ourselves with the internal cir- 
cuitry until later. For now, we will examine the various input/output relationships. 


O @) @) @ volts 
0 0 0 1 
0 0 1 0 
0 0 ] 1 
0 1 0 0 
0 ] 0 1 
0 : ] 0 
converter Analog 
(DAC) output 0 0 0 
1 0 0 1 
] 0 1 0 
1 0 1 1 
(a) 1 1 0 0 
1 1 0 1 
1 1 1 0 
] 1 1 1 volts 
(b) 


Figure 10-2 = Four-bit DAC with voltage output. 


The digital inputs D, C, B, and A are usually derived from the output register 
of a digital system. The 2* = 16 different binary numbers represented by these 4 
bits are listed in Figure 10-2(b). For each input number, the D/A converter output 
voltage is a unique value. In fact, for this case, the analog output voltage Vour is 
equal in volts to the binary number. It could also have been twice the binary num- 
ber or some other proportionality factor. The same idea would hold true if the D/A 
Output were a current Jour. 
In general, 
analog output = K X digital input (10-1) 
where K is the proportionality factor and is a constant value for a given DAC. The 
analog output can of course be a voltage or current. When it is a voltage, K will 


be in voltage units, and when the output is current, K will be in current units. For 
the DAC of Figure 10-2, K = 1 V, so that 


Vour = (1 V) X digital input 
We can use this to calculate Vour for any value of digital input. For example, with 
a digital input of 11002 = 1210, we obtain 


Vour =1VX* 12 =12V 


EXAMPLE 10-1A 


A 5-bit DAC has a current output. For a digital input of 10100, an output current of 
10 mA is produced. What will Jour be for a digital input of 11101? 
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Solution 


The digital input 101002 is equal to decimal 20. Since Jour = 10 mA for this case, 
the proportionality factor must be 0.5 mA. Thus, we can find Jour for any digital 
input such as 111012 = 2910 as follows: 


Jour = (0.5 mA) X 29 
= 145 mA 
Remember, the proportionality factor, K, will vary from one DAC to another. 


EXAMPLE 10-1B 


What is the largest value of output voltage from an 8-bit DAC that produces 1.0 V 
for a digital input of 00110010? 


Solution 
001100102 = 5010 
10V = KX 50 
Therefore, 
K= 20 mV 


The largest output will occur for an input of 111111112 = 2550. 
Vour(max) = 20 mV X 255 
= 5.10 V 


Analog Output = — The output of a DAC is technically not an analog quantity 
because it can take on only specific values like the 16 possible voltage levels for 
Vour in Figure 10-2. Thus, in that sense, it is actually digital. However, as we will 
see, the number of different possible output values can be increased and the dif- 
ference between successive values decreased by increasing the number of input 
bits. This will allow us to produce an output that is more and more like an analog 
quantity that varies continuously over a range of values. In other words, the DAC 
output is a “pseudo-analog” quantity. We will continue to refer to it as analog, 
keeping in mind that it is an approximation to a pure analog quantity. 


Input Weights — For the DAC of Figure 10-2 it should be noted that each 
digital input contributes a different amount to the analog output. This is easily 
seen if we examine the cases where only one input is HIGH (Table 10-1). The 
contributions of each digital input are weighted according to their position in the 
binary number. Thus, A, which is the LSB, has a weight of 1 V, B has a weight of 


Table 10-1 
DD. ¢€ B A Vour CV) 
Oo. 0 0 1 — _ 
OO O I O —> 2 
0) 1 @ @) > 4 
1 0 0) O > 8 
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2 V, Chas a weight of 4 V, and D, the MSB, has the largest weight, 8 V. The 
weights are successively doubled for each bit, beginning with the LSB. Thus, we 
can consider Vour to be the weighted sum of the digital inputs. For instance, to 
find Vour for the digital input 0111 we can add the weights of the C, B, and A bits 
to obtain4d V+2V+1V=7V. 


HXAMPLE 10-2 


A 5-bit D/A converter produces Vour = 0.2 V for a digital input of 00001. Find the 
value of Vour for an input of 11111. 


solution 


Obviously, 0.2 V is the weight of the LSB. Thus, the weights of the other bits must 
be 0.4 V, 0.8 V, 1.6 V, and 3.2 V, respectively. For a digital input of 11111, then, the 
value of Vour will be 3.2V+16V+08V+04V+02V=62V. 


Resolution (Step Size) Resolution of a D/A converter is defined as the 
smallest change that can occur in the analog output as a result of a change in the 
digital input. Referring to the table in Figure 10-2, we can see that the resolution is 
1 V, since Vour can change by no less than 1 V when the digital input value is 
changed. The resolution is always equal to the weight of the LSB and is also re- 
ferred to as the step size, since it is the amount that Vour will change as the digi- 
tal input value is changed from one step to the next. This is illustrated better in 
Figure 10-3, where the outputs from a 4-bit binary counter provide the inputs to 
our DAC. As the counter is being continually cycled through its 16 states by the 
clock signal, the DAC output is a staircase waveform that goes up 1 V per step. 
When the counter is at 1111, the DAC output is at its maximum value of 15 V; this 
is its full-scale output. When the counter recycles to 0000, the DAC output re- 
turns to 0 V. The resolution or step size is the size of the jumps in the staircase 
waveform, in this case, each step is 1 V. 


Figure 10-3) Output waveforms of DAC as inputs are provided by a binary counter. 
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Note that the staircase has 16 levels corresponding to the 16 input states, but 
there are only 15 steps or jumps between the 0-V level and full-scale. In general, 
for an N-bit DAC the number of different levels will be 2%, and the number of 
steps will be 2" — 1. 

You may have already figured out that resolution (step size) is the same as 
the proportionality factor in the DAC input/output relationship: 

analog output = K X digital input 
A new interpretation of this expression would be that the digital input is equal to 
the number of the step, K is the amount of voltage (or current) per step, and the 
analog output is the product of the two. 


EXAMPLE L1O-3A 


What is the resolution (step size) of the DAC of Example 10-2? Describe the stair- 
case signal out of this DAC. 
Solution 


The LSB for this converter has a weight of 0.2 V. This is the resolution or step size. 
A staircase waveform can be generated by connecting a 5-bit counter to the DAC 
inputs. The staircase will have 32 levels from 0 V up to a full-scale output of 6.2 V, 
and 31 steps of 0.2 V each. 


EXAMPLE 10-3B 


For the DAC of Example 10-2, determine Vour for a digital input of 10001. 


Solution 


The step size is 0.2 V, which is the proportionality factor K. The digital input is 
10001 = 1710. Thus we have 


Vout = (0.2 V) x 17 
=34V 


Percentage Resolution Although resolution can be expressed as the 
amount of voltage or current per step, it is also useful to express it as a percentage 
of the full-scale output. To illustrate, the DAC of Figure 10-3 has a maximum full- 
scale output of 15 V (when the digital input is 1111). The step size is 1 V, which 
gives a percentage resolution of 

step size 
full scale (F.S.) 


1V 
—— X 100% = 6.67% 
I5 Vv 


% resolution = xX 100% (10-7) 


EXAMPLE 10-4 


A 10-bit DAC has a step size of 10 mV. Determine the full-scale output voltage and 
the percentage resolution. 
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solution 


With 10 bits, there will be 2'? — 1 = 1023 steps of 10 mV each. The full-scale out- 
put will therefore be 10 mV X 1023 = 10.23 V and 


O mV 
16.23 V 


% resolution = xX 100% =~ 0.1% 


Example 10-4 helps to illustrate the fact that the percentage resolution be- 
comes smaller as the number of input bits is increased. In fact, the percentage res- 
olution can also be calculated from 


1 
Vy fesO tion, = = XX 100% (10-3) 
total number of steps 


For an Mbit binary input code the total number of steps is 2” — 1. Thus, for the 
previous example, 


1 
% resolution = ———— xX 100% 
20-4 


1 
= — X 100% 
1023 


= 0.1% 


This means that it is only the number of bits which determines the percentage reso- 
lution. Increasing the number of bits increases the number of steps to reach full 
scale, so that each step is a smaller part of the full-scale voltage. Most DAC manu- 
facturers specify resolution as the number of bits. 


What Does Resolution Mean? — A DAC cannot produce a continuous 
range of output values, and so, strictly speaking, its output is not truly analog. A 
DAC produces a finite set of output values. In our water temperature example of 
Section 10-1 the computer generates a digital output to provide an analog voltage 
between 0 and 10 V to an electrically controlled valve. The DAC’s resolution 
(number of bits) determines how many possible voltage values the computer can 
send to the valve. If a 6-bit DAC is used, there will be 63 possible steps of 0.159 V 
between 0 and 10 V. When an 8-bit DAC is used, there will be 255 possible steps 
of 0.039 V between 0 and 10 V. The greater the number of bits, the finer the reso- 
lution (the smaller the step size). 

The system designer must decide what resolution is needed on the basis of 
the required system performance. The resolution limits how close the DAC output 
can come to a given analog value. Generally, the cost of DACs increases with the 
number of bits, and so the designer will use as few bits as necessary. 


EXAMPLE 10-5 


NL 
Figure 10-4 shows a computer controlling the speed of a motor. The 0 to 2-mA 
analog current from the DAC is amplified to produce motor speeds from 0 to 1000 
rpm (revolutions per minute). How many bits should be used if the computer is to 
be able to produce a motor speed that is within 2 rpm of the desired speed? 
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_ 0-1000 rpm 


Figure 10-4 Example 10-5. 


Solution 


The motor speed will range from 0 to 1000 rpm as the DAC goes from zero to full 
scale. Each step in the DAC output will produce a step in the motor speed. We 
want the step size to be no greater than 2 rpm. Thus, we need at least 500 steps 
(1000/2). Now we must determine how many bits are required so that there are 
at least 500 steps from zero to full scale. We know that the number of steps is 
2% — 1, and so we can say 

DP = 1.22500 
or 

2 = 501 

Since 28 = 256 and 2? = 512, the smallest number of bits that will produce at least 
500 steps is nine. We could use more than 9 bits, but this might add to the cost of 
the DAC. 


EXAMPLE 10-6 


Using 9 bits, how close to 326 rpm can the motor speed be adjusted? 


Solution 


With 9 bits, there will be 511 steps (2? — 1). Thus, the motor speed will go up in 
steps of 1000 rpm/511 = 1.957 rpm. The number of steps needed to reach 326 
rpm is 326/1.957 = 166.58. This is not a whole number of steps, and so we will 
round it to 167. The actual motor speed on the 167th step will be 167 X 1.957 = 
326.8 rpm. Thus, the computer must output the 9-bit binary equivalent of 16710 to 
produce the desired motor speed within the resolution of the system. 


In all of our examples, we have assumed that the DACs have been perfectly 
accurate in producing an analog output that is directly proportional to the binary 
input, and that the resolution is the only thing that limits how close we can come 
to a desired analog value. This, of course, is unrealistic, since all devices contain 
inaccuracies. We will examine the causes and effects of DAC inaccuracy in a later 
section. 
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BCD Input Code — The DACs we have considered thus far have used a bi- 
nary input code. Many DACs use a BCD input code where 4-bit code groups are 
used for each decimal digit. Figure 10-5 shows the diagram of an 8-bit (two-digit) 
converter of this type. Each 4-bit code group can range from 0000 to 1001, and so 
the BCD inputs represent decimal numbers from 00 to 99. Within each code group 
the weights of the different bits are in the normal binary proportions (1, 2, 4, 8), 
but the relative weights of each code group are different by a factor of 10. Figure 
10-5 shows the relative weights of the various bits. Note that the bits that make up 
the BCD code for the most significant digit (MSD) have a relative weight that is 10 


times that of the corresponding bits of the LSD. 


BCD for most 
significant | 


ig! 20 

digit (MSD) 10 — 100 possible values 
converter V since Input ranges 

OUT 

with BCD from 00 to 99. 

BCD for least oe 

significant 

digit (LSD) 


Step size = weight of Ag. 


Figure 10-5 DAC using BCD input code. This converter accepts a 
2-digit input and generates 100 possible analog output values. 


KXAMPLE 1O-7A 
If the weight of Ao is 0.1 V in Figure 10-5, find the following values: 


(a) Step size 

(b) Full-scale output and percentage resolution 

(c) Vout for dD, CiB,A, = 0101 and Dp Co.BoAo = 1000. 
Solution 

(a) Step size is the weight of the LSB of the LSD, 0.1 V. 


(b) There are 99 steps since there are two BCD digits. Thus, full-scale output is 


99 X 0.1 = 9.9 V. The resolution is [using equation (10-2)] 
step size 


| 
xX 100% = = xX 100% ~ 1% 
Fo, 09 


We could also have used equation (10-3) to calculate percentage resolution, 


since the total number of steps is 99. 


(c) The exact weights in volts are listed in Table 10-2. One way to find Vour for 
a given input is to add the weights of all bits that are 1s. Thus, for an input 


of 0101 1000, we have 
Ci Ay Do 


mo TT TODD 


Vour =4V+1V+08V=5.8V 


CHAPTER 10 / INTERFACING WITH THE ANALOG WORLD 


Table 10-2 


An easier way is to realize that the BCD input code represents 5819 and the 
step size is 0.1 V, so that 


Vour = (0.1 V) X 58 = 5.8 V 


EXAMPLE 10-7B 


A certain 12-bit BCD digital-to-analog converter has a full-scale output of 9.99 V. 


(a) Determine the percent resolution. 
(b) Determine the converter’s step size. 


solution 


(a) Twelve bits correspond to three decimal digits; that is, decimal numbers from 
000 to 999. Therefore the output of this DAC has 999 possible steps from 0 V 


to 9.99 V. Thus we have 
1 


% resolunon = = * 100% 
number of steps 


= — x 100% 
999 


=~ 0.1% 

FS, 
number of steps 
= 9.99 V/999 

= 0.01 V 


(b) step size = 


Bipolar DACs Up to this point we have assumed that the binary input to a 
DAC has been an unsigned number and the DAC output has been a positive volt- 
age or current. Some DACs are designed to produce both positive and negative 
values, such as —10 to +10 V. This is generally done by using the binary input as 
a signed number with the MSB as the sign bit (0 for + and 1 for —). Negative 
input values are often represented in 2’s-complement form, although the true- 
magnitude form is also used by some DACs. For example, suppose that we have 
a 6-bit bipolar DAC that uses the 2’s-complement system and has a resolution of 
0.2 V. The binary input values range from 100000 (—32) to 011111 (+31) to pro- 
duce analog outputs in the range from —6.4 to +6.2 V. There are 63 steps (2° — 1) 
of 0.2 V between these negative and positive limits. 
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10-3. D/A-CONVERTER CIRCUITRY 


There are several methods and circuits for producing the D/A operation which has 
been described. We shall examine several of the basic schemes, to gain an insight 
into the ideas used. It is not important to be familiar with all the various circuit 
schemes because D/A converters are available as ICs or as encapsulated packages 
that do not require any circuit knowledge. Instead, it is important to know the sig- 
nificant performance characteristics of DACs, in general, so that they can be used 
intelligently. These will be covered in Section 10-4. 

Figure 10-6(a) shows the basic circuit for one type of 4-bit DAC. The inputs 
A, B, C, and Dare binary inputs which are assumed to have values of either 0 V or 
5 V. The operational amplifier is employed as a summing amplifier, which pro- 
duces the weighted sum of these input voltages. It may be recalled that the sum- 
ming amplifier multiplies each input voltage by the ratio of the feedback resistor 
Rr to the corresponding input resistor Rin. In this circuit Re = 1 kOQ and the input 
resistors range from 1 to 8 kQ).. The Dinput has Ry = 1 kO, so the summing am- 
plifier passes the voltage at D with no attenuation. The Cinput has Rw = 2 kQ, so 
that it will be attenuated by %. Similarly, the B input will be attenuated by % and 
the A input by %. The amplifier output can thus be expressed as 

Vour = —(Vp + 3Vo + GVe + 3Va) (10-4) 

The negative sign is present because the summing amplifier is a polarity-inverting 
amplifier, but it will not concern us here. 

Clearly, the summing amplifier output is an analog voltage which represents 
a weighted sum of the digital inputs, as shown by the table in Figure 10-6(b). This 
table lists all the possible input conditions and the resultant amplifier output volt- 
age. The output is evaluated for any input condition by setting the appropriate in- 
puts to either 0 V or 5 V. For example, if the digital input is 1010, then Vp = Vz = 
5 Vand Vc = V4 = 0 V. Thus, using equation (10-4), 

Vour= -6V+0V+4X5V+0V) 
= —6.25V 
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Input code 


Se SSS ey 
Do Ge Bee A : Vout (volts) 
0 0 0 0 | 0 
0) 0 0 1 -0:625 «— LSB 
0 0 1 0 —1.250 
0) 0 1 1 —1.875 
0 1 0) 0 —2.500 
0 1 0) 1 —3.125 
aus 0 1 1 0 —3.750 
0 1 ] 1 —4.375 
1 0 ) 0 —5.000 
1 0 0 1 —5.625 
1 0 1 @) —6.250 
1 0 1 1 —6.875 
Digital inputs: 
OVorb5V 1 1 0 0 —7.500 
1 1 0 1 —8.125 
(a) 1 1 1 0 ~8.750 
i 4 % soe Ult 
scale 
(b) 
Figure 10-6 Simple DAC using op-amp summing amplifier with binary-weighted resistors. 


The resolution of this D/A converter is equal to the weighting of the LSB, which is 


1 


‘ x 5 V = 0.625 V. As shown in the table, the analog output increases by 0.625 V 
as the binary input number advances one step. 


EXAMPLE 10-8 


(a) Determine the weight of each input bit of Figure 10-6(a). 
(b) Change R to 250 and determine the full-scale output. 


Solution 


(a) The MSB passes with gain = 1, so its weight in the output is 5 V. Thus 
MSB > 5 V 
2nd MSB > 2.5 V 
3rd MSB > 1.25 V 
4th MSB = LSB > 0.625 V 


(b) If R: is reduced by a factor of 4, to 250 0, each input weight will be four 
times smaller than the values above. Thus, the full-scale output will be re- 
duced by this same factor and becomes —9.375/4 = —2.344 V. 


If we look at the input resistor values in Figure 10-6, it should come as no 
surprise that they are binarily weighted. In other words, starting with the MSB re- 
sistor, the resistor values increase by a factor of 2. This of course produces the de- 
sired weighting in the voltage output. 
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Conversion Accuracy The table in Figure 10-6(b) gives the ideal values of 
Vour for the various input cases. How close the circuit comes to producing these 
values depends primarily on two factors: (1) the precision of the input and feed- 
back resistors, and (2) the precision of the input voltage levels. The resistors can 
be made very accurate (within 0.01 percent of the desired values) by trimming, but 
the input voltage levels must be handled differently. It should be clear that the 
digital inputs cannot be taken directly from the outputs of FFs or logic gates be- 
cause the output logic levels of these devices are not precise values like 0 V and 
5 V but vary within given ranges. For this reason, it is necessary to add some more 
circuitry between each digital input and its input resistor to the summing amplifier 
as shown in Figure 10-7. 

Each digital input controls a semiconductor switch like the CMOS transmis- 
sion gate we studied in Chapter 8. When the input is HIGH, the switch closes and 
connects a precision reference supply to the input resistor; when the input is LOW, 
the switch is open. The reference supply produces a very stable, precise voltage 
needed to generate an accurate analog output. 


DAC with Current Output Figure 10-8(a) shows one basic scheme for 
generating an analog output current proportional to a binary input. The circuit 
shown is a 4-bit DAC using binarily weighted resistors. The circuit uses four paral- 
lel current paths, each controlled by a semiconductor switch such as the CMOS 
transmission gate. The state of each switch is controlled by logic levels at the bi- 
nary inputs. The current through each path is determined by an accurate reference 
voltage, Ver, and a precision resistor in the path. The resistors are binarily 
weighted so that the various currents will be binarily weighted, and the total 


Figure 10-7 Complete 4-bit DAC including precision reference supply. 
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Vout = —lout x Rr 


(b) 


Figure 10-8 (a) Basic current-output DAC; (b) connected to an op-amp cur- 
rent-to-voltage converter. 


current, Jour, will be the sum of the individual currents. The MSB path has the 
smallest resistor, R; the next path has a resistor of twice the value, and so on. The 
output current can be made to flow through a load Rk, which is much smaller than 
R, so that it has no effect on the value of current. Ideally, A, should be a short to 
ground. 


EXAMPLE 10-9 


Assume Verr = 10 V and R = 10 kQ). Determine the resolution and full-scale out- 
put for this DAC. Assume that A, is much smaller than R. 


Solution 


lh = Vrer/R = 1 mA. This is the weight of the MSB. The other three currents will 
be 0.5, 0.25, and 0.125 mA. The LSB is 0.125 mA, which is also the resolution. 

The full-scale output will occur when the binary inputs are all HIGH so that 
each current switch is closed and 


Jour = 14+ 0.5 + 0.25 + 0.125 = 1.875 mA 


Note that the output current is proportional to Veer. If Veer is increased or de- 
creased, the resolution and full-scale output will change proportionally. 
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For Jour to be accurate, A, should be a short to ground. One common way to 
accomplish this is to use an op amp as a current-to-voltage converter, as shown in 
Figure 10-8(b). Here the /our from the DAC is connected to the op-amp’s “—” input, 
which is virtually at ground. The op-amp negative feedback forces a current equal 
to Jour to flow through kr to produce Vour = —Jlour X Re. Thus, Vour will be an 
analog voltage that is proportional to the binary input to the DAC. This analog out- 
put can drive a wide range of loads without being loaded down. 


R/2R Ladder — The DAC circuits we have looked at thus far use binary- 
weighted resistors to produce the proper weighting of each bit. While this method 
works in theory, it has some practical limitations. The biggest problem is the large 
difference in resistor values between the LSB and MSB, especially in high-resolu- 
tion DACs (.e., many bits). For example, if the MSB resistor is 1 kQ in a 12-bit 
DAC, the LSB resistor will be over 2 MQ. With the current IC fabrication technol- 
ogy, it is very difficult to produce resistance values over a wide resistance range 
that maintain an accurate ratio especially with variations in temperature. 

For this reason it is preferable to have a circuit that uses resistances that are 
fairly close in value. One of the most widely used DAC circuits that satisfies this 
requirement is the R/2R ladder network, where the resistance values span a range 
of only 2 to 1. One such DAC is shown in Figure 10-9. 

Note how the resistors are arranged, and especially note that only two differ- 
ent values are used, Rand 2k. The current Jour depends on the positions of the 
four switches, and the binary inputs B3;B,B,Bo control the states of the switches. 
This current is allowed to flow through an op-amp current-to-voltage converter to 
develop Vour. We will not perform a detailed analysis of this circuit here, but it 
can be shown that the value of Vour is given by the expression 


— Veer 


x B C10=5) 


Vout = 


where B is the value of the binary input, which can range from 0000 (0) to 1111 
(15). 


Basic R/2R ladder DAC. 
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KXAMPLE 10-10 

Assume that Veer = 5 V for the DAC in Figure 10-9. What are the resolution and 
full-scale output of this converter? 

Solution 


The resolution is equal to the weight of the LSB, which we can determine by set- 
ting B = 0001 = 1 in equation (10-5): 


=> Vv x 1 
resolllion = —————— 
8 
=—0.625 V 
The full-scale output occurs for B = 1111 = 15i0. Again using equation (10-5), 
= x 
full-scale = cae ee) 
8 
= —9.375 V 
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10-4 DAC SPECIFICATIONS 


A wide variety of DACs are currently available as ICs or as self-contained encapsu- 
lated packages. One should be familiar with the more important manufacturers’ 
specifications in order to evaluate a DAC for a particular application. 


Resolution — As mentioned earlier, the percentage resolution of a DAC is de- 
pendent solely on the number of bits. For this reason, manufacturers usually spec- 
ify a DAC resolution as the number of bits. A 10-bit DAC has a finer (smaller) reso- 
lution than an 8-bit DAC. 


Accuracy DAC manufacturers have several ways of specifying accuracy. The 
two most common are called full-scale error and linearity error, which are nor- 
mally expressed as a percentage of the converter’s full-scale output (%F.S.) 
Full-scale error is the maximum deviation of the DAC’s output from its ex- 
pected (ideal) value, expressed as a percentage of full scale. For example, assume 
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that the DAC of Figure 10-6 has an accuracy of +0.01% FS. Since this converter 
has a full-scale output of 9.375 V, this percentage converts to 

*+0.01% X 9.375 V = £0.9375 mV 
This means that the output of this DAC can, at any time, be off by as much as 
0.9375 mV from its expected value. 

Linearity error is the maximum deviation in step size from the ideal step size. 
For example, the DAC of Figure 10-6 has an expected step size of 0.625 V. If this 
converter has a linearity error of 0.01% FS., this would mean that the actual step 
size could be off by as much as 0.9375 mV. 

It is important to understand that accuracy and resolution of a DAC must be 
compatible. It is illogical to have a resolution of, say, 1 percent and an accuracy of 
0.1 percent, or vice versa. To illustrate, a DAC with a resolution of 1 percent and a 
F.S. output of 10 V can produce an output analog voltage within 0.1 V of any de- 
sired value, assuming perfect accuracy. It makes no sense to have a costly accu- 
racy of 0.01 percent of FS. (or 1 mV) if the resolution already limits the closeness 
of the desired value to 0.1 V. The same can be said for having a resolution that is 
very small Gnany bits) while the accuracy is poor; it is a waste of input bits. 


EXAMPLE 10-11 


A certain 8-bit DAC has a full-scale output of 2 mA and a full-scale error of 0.5% 
F.S. What is the range of possible outputs for an input of 10000000? 


solution 


The step size is 2 mA/255 = 7.84 wA. Since 10000000 = 12810, the ideal output 
should be 128 X 7.84 wA = 1004 WA. The error can be as much as 

+0.5% X 2mA = +10 pA 
Thus, the actual output can deviate by this amount from the ideal 1004 mA, so the 
actual output can be anywhere from 994 to 1014 pA. 


Offset Error Ideally, the output of a DAC will be zero volts when the bi- 
nary input is all Os. In practice, however, there will be a very small output voltage 
for this situation; this is called offset error. This offset error, if not corrected, will 
be added to the expected DAC output for ai// input cases. For example, let’s say 
that a 4-bit DAC has an offset error of +2 mV and a perfect step size of 100 mV. 
Table 10-3 shows the ideal and actual DAC output for several input cases. Note 
that the actual output is 2 mV greater than expected; this is due to the offset error. 
Offset error can be negative as well as positive. 


Table 10-3 
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Many DACs will have an external offset adjustment that allows you to zero 
the offset. This is usually accomplished by applying all Os to the DAC input and 
monitoring the output while an offset adjustment potentiometer is adjusted until the 
output is as close to 0 V as required. 


Settling Time The operating speed of a DAC is usually specified by giving 
its settling time, which is the time required for the DAC output to go from zero to 
full scale as the binary input is changed from all Os to all 1s. Actually, the settling 
time is measured as the time for the DAC output to settle within +1/2 step size 
(resolution) of its final value. For example, if a DAC has a resolution of 10 mV, set- 
tling time is measured as the time it takes the output to settle within 5 mV of its 
full-scale value. 

Typical values for settling time range from 50 ns to 10 ps. Generally speak- 
ing, DACs with a current output will have shorter settling times than those with 
voltage outputs. For instance, the DAC1280 can operate as either current output or 
voltage output. In the current output mode, its settling time is 300 ns; in the volt- 
age output mode, its settling time is 2.5 ws. The main reason for this difference is 
the response time of the op amp that is used as the current-to-voltage converter. 


Monotonicity =A DAC is monotonic if its output increases as the binary 
input is incremented from one value to the next. Another way to describe this is 
that the staircase output will have no downward steps as the binary input is incre- 
mented from zero to full scale. 


REVIEW 


10-5 AN INTEGRATED-GCIRCUIT DAC 


The AD7524, a CMOS IC available from several IC manufacturers, is an 8-bit D/A 
converter that uses an R/2R ladder network. Its block symbol is given in Figure 
10-10(a). This DAC has an 8-bit input that can be latched internally under the con- 
trol of the Chip Select (CS) and WRITE (Wk) inputs. When both of these control 
inputs are LOW, the digital data inputs D7 — Do produce the analog output current, 
OUT (the OUT2 terminal is normally grounded). When either control input goes 
HIGH, the digital input data are latched and the analog output remains at the level 
corresponding to that latched digital data. Subsequent changes in the digital inputs 
will have no effect on OU77 in this latched state. 

The maximum settling time for the AD7524 is typically 100 ns, and its full- 
range accuracy is rated at 0.2% FS. The Verr can range over both negative and 
positive voltages from 0 to 25 V, so that analog output currents of both polarities 
can be produced. The output current can be converted to a voltage using an op- 
amp connected as in Figure 10-10(b). Note that the op-amp’s feedback resistor is 
already on the DAC chip. 
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(a) AD7524 8-bit DAC with latched inputs; (b) AD7524 connected to produce analog output 


voltage ranging from 0 V to approximately —10 V. 
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10-6 DAC APPLICATIONS 


DACs are used whenever the output of a digital circuit has to provide an analog 
voltage or current to drive an analog device. Some of the most common applica- 
tions are described in the following paragraphs. 


Control The digital output from a computer can be converted to an analog 
control signal to adjust the speed of a motor or the temperature of a furnace, or to 
control almost any physical variable. 


Automatic Testing Computers can be programmed to generate the analog 
signals (through a DAC) needed to test analog circuitry. The test circuit’s analog 
output response will normally be converted to a digital value by an ADC and fed 
into the computer to be stored, displayed, and sometimes analyzed. 


Signal Reconstruction In many applications, an analog signal is digi- 
tized, meaning that successive points on the signal are converted to their digital 
equivalent and stored in memory. This conversion is performed by an analog-to- 
digital converter (ADC). A DAC can then be used to convert the stored digitized 
data back to analog—one point at a time—thereby reconstructing the original sig- 
nal. This combination of digitizing and reconstruction is used in digital storage os- 
cilloscopes, audio compact disk systems, and digital audio and video recording. 
We will look at this further after we learn about ADCs. 


A/D Conversion Several types of ADCs use DACs as part of their circuitry, 
as we Shall see in Section 10-8. 
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10-7 TROUBLESHOOTING DAGs 


DACs are both digital and analog. Logic probes and pulsers can be used on the 
digital inputs, but a meter or an oscilloscope must be used on the analog output. 
There are basically two ways to test a DAC’s operation: a static accuracy test and a 
staircase test. 

The static test involves setting the binary input to a fixed value and measur- 
ing the analog output with a high-accuracy meter. This test is used to check that 
the output value falls within the expected range consistent with the DAC’s speci- 
fied accuracy. If it does not, there can be several possible causes. Here are some 
of them: 


m Drift in the DAC’s internal component values (e.g., resistor values) caused by 
temperature, aging, or some other factors. This can easily produce output 
values outside the expected accuracy range. 


m Open connections or shorts in any of the binary inputs. This could either 
prevent an input from adding its weight to the analog output, or cause its 
weight to be permanently present in the output. This is especially hard to de- 
tect when the fault is in the less significant inputs. 


m A faulty voltage reference. Since the analog output is directly dependent on 
Veer, this could produce results that are way off. For DACs that use external 
reference sources, the reference voltage can easily be checked with a digital 
voltmeter. Many DACs have internal reference voltages which cannot be 
checked, except on some DACs that bring the reference voltage out to a pin 
of the IC, 


m Excessive offset error caused by component aging or temperature. This 
would produce outputs that are off by a fixed amount. If the DAC has an ex- 
ternal offset adjustment capability, this type of error can initially be zeroed 
out, but changes in operating temperature can cause the offset error to reap- 
pear. 


The staircase test is used to check the monotonicity of the DAC; that is, it 
checks to see that the output increases step by step as the binary input is incre- 
mented as in Figure 10-3. The steps on the staircase must be of the same size, and 
there should be no missing steps or downward steps until full-scale is reached. 
This test can help detect internal or external faults that cause an input to have ei- 
ther no contribution or a permanent contribution to the analog output. The follow- 
ing example will illustrate. 


EXAMPLE 10-12 


How would the staircase waveform appear if the C input to the DAC of Figure 
10-3 is open? Assume that the DAC inputs are TTL-compatible. 


solution 


An open connection at C' will be interpreted as a constant logic 1 by the DAC. 
Thus, this will contribute a constant 4 V to the DAC output so that the DAC output 
waveform will appear as shown in Figure 10-11. The dotted lines are the staircase 
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Figure 10-11 Example 10-12. 


as it would appear if the DAC were working correctly. Note that the faulty output 
waveform matches the correct one during those times when the bit C'input would 
normally be HIGH. 


10-8 ANALOG-TO-DIGITAL CONVERSION 


An danalog-to-digital converter takes an analog input voltage and after a certain 
amount of time produces a digital output code which represents the analog input. 
The A/D conversion process is generally more complex and time-consuming than 
the D/A process, and many different methods have been developed and used. We 
shall examine several of these methods in detail, even though it may never be nec- 
essary to design or construct ADCs (they are available as completely packaged 
units). However, the techniques that are used provide an insight into what factors 
determine an ADC’s performance. 

Several important types of ADC utilize a DAC as part of their circuitry. Figure 
10-12 is a general block diagram for this class of ADC. The timing for the opera- 
tion is provided by the input clock signal. The control unit contains the logic cir- 
cuitry for generating the proper sequence of operations in response to the START 
COMMAND, which initiates the conversion process. The op-amp comparator has 
two dnalog inputs and a digital output that switches states, depending on which 
analog input is greater. 

The basic operation of ADCs of this type consists of the following steps: 


1. The START COMMAND pulse initiates the operation. 
2. At a rate determined by the clock, the control unit continually modifies the 
binary number that is stored in the register. 


3. The binary number in the register is converted to an analog voltage, V4x, by 
the DAC. 
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Figure 10-12 General diagram of one class of ADCs. 


4. The comparator compares V4xy with the analog input Vy. As long as Vax < 
Va, the comparator output stays HIGH. When Vax exceeds V4 by at least an 
amount = Vy (threshold voltage), the comparator output goes LOW and 
stops the process of modifying the register number. At this point, Vay is a 
close approximation to V4. The digital number in the register, which is the 
digital equivalent of Vax, is also the approximate digital equivalent of V4, 
within the resolution and accuracy of the system. 


5. The control logic activates the end-of-conversion signal, EOC, when the con- 
version is complete. 


The several variations of this A/D conversion scheme differ mainly in the 
manner in which the control section continually modifies the numbers in the regis- 
ter. Otherwise, the basic idea is the same, with the register holding the required 
digital output when the conversion process is complete. 


REVIEW QUESTIONS 


10-9 — DIGITAL-RAMP ADC 


One of the simplest versions of the general ADC of Figure 10-12 uses a binary 
counter as the register and allows the clock to increment the counter one step at a 
time until Vay = V4. It is called a digital-ramp ADC because the waveform at Vay is 
a step-by-step ramp (actually a staircase) like the one shown in Figure 10-3. It is 
also referred to as a counter-type ADC. 
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Figure 10-13 is the diagram for a digital-ramp ADC. It contains a counter, a 
DAC, an analog comparator, and a control AND gate. The comparator output 
serves as the active-LOW end-of-conversion signal, EOC. If we assume that Vy, the 
analog voltage to be converted, is positive, the operation proceeds as follows: 


1. A START pulse is applied to reset the counter to zero. The HIGH at START 
also inhibits clock pulses from passing through the AND gate into the 
counter. 


2. With all Os at its input, the DAC’s output will be Vax = 0 V. 
3. Since V4 > Vu4x, the comparator output, EOC, will be HIGH. 


4. When START returns LOW, the AND gate is enabled and clock pulses get 
through to the counter. 


5. As the counter advances, the DAC output, Vix, increases one step at a time 
as shown in Figure 10-13(b). 


6. This continues until V4x reaches a step that exceeds V4 by an amount equal 
to or greater than Vy (typically 10 to 100 pV). At this point, EOC will go 
LOW and inhibit the flow of pulses into the counter and the counter will 
stop counting. 


7. The conversion process is now complete as signaled by the HIGH-to-LOW 
transition at EOC, and the contents of the counter are the digital representa- 
tion of V4. 


8. The counter will hold the digital value until the next START pulse initiates a 
new conversion. 


Figure 10-13 Digital-ramp ADC. 
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EXAMPLE 10O-13A 


Assume the following values for the ADC of Figure 10-13: clock frequency = 1 MHz; 
Vy = 0.1 mV; DAC has F.S. output = 10.23 V and a 10-bit input. Determine the 
following values. 


(a) The digital equivalent obtained for V4 = 3.728 V 
(b) The conversion time 


(c) The resolution of this converter 


Solution 


(a) The DAC has a 10-bit input and a 10.23-V FS. output. Thus, the number of 

total possible steps is 2'° — 1 = 1023, and so the step size is 
10,25 V 
1023 
This means that V4x increases in steps of 10 mV as the counter counts up 
from zero. Since V4 = 3.728 V and Vr = 0.1 mV, Vyx has to reach 3.7281 V 
or more before the comparator switches LOW. This will require 
> feel V 
10 mV 

At the end of the conversion, then, the counter will hold the binary equiva- 
lent of 373, which is 0101110101. This is the desired digital equivalent of V4 
= 3.728 V, as produced by this ADC. 

(b) Three hundred seventy-three steps were required to complete the conver- 


sion. Thus, 373 clock pulses occurred at the rate of one per microsecond. 
This gives a total conversion time of 373 ps. 


= 10 mV 


= 372.81 = 373 steps 


(c) The resolution of this converter is equal to step size of the DAC, which is 10 mV. 
In percent it is 1/1023 X 100% = 0.1%. 


EXAMPLE 10-13B 


For the same ADC of Example 10-13A determine the approximate range of analog 
input voltages that will produce the same digital result of 01011101012 = 3730. 


Solution 


Table 10-4 shows the ideal DAC output voltage, Vax, for several of the steps on 
and around the 373rd. If V4 is slightly smaller than 3.72 V (by an amount < V5), 


Table 10-4 
Step Vax (V) 
Wa a7) 
3/2 4/2 
373 3.73 
374 3/4 
a5 3./3 
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then EOC won’t go LOW when Vux reaches the 3.72-V step, but will go LOW on 
the 3.73-V step. If V4 is slightly smaller than 3.73 V (by an amount < Vy), then EOC 
won't go LOW until Vay reaches the 3.74-V step. Thus, as long as Vy is between 
approximately 3.72 V and 3.73-V, EOC will go LOW when V4x reaches the 3.73-V 
step. The exact range of V4 values is 
3.72 V — Vr to 3.73 V — Vy 

but since Vy; is so small, we can simply say that the range is approximately 3.72 V 
to 3.73 V—a range equal to 10 mV, the DAC’s resolution. This is illustrated in 
Figure 10-14. 


VAX 
r 
¢ 
Y 

3.75 . 

Volts 
3.72]. 
a Approximate range of Va 
3/1 values that produce 
Pa digital output = 37346. 


Figure 10-14 Example 10-13B. 


A/D Resolution and Accuracy As pointed out in Example 10-13A, reso- 
lution of the ADC is equal to the resolution of the DAC that it contains. The DAC 
output voltage Vu4x is a staircase waveform that goes up in discrete steps until it 
exceeds V4. Thus, Vay is an approximation to the value of V4, and the best we can 
expect is that Vay is within 10 mV of V4 if the resolution (step size) is 10 mV. We 
can think of the resolution as being a built-in error that is often referred to as 
quantization error. This quantization error, which can be reduced by increasing 
the number of bits in the counter and DAC, is sometimes specified as an error of 
+1 LSB, indicating that the result could be off by as much as the weight of the 
LSB. In Problem 10-28 we will see how this quantization error can be modified so 
that it is +3 LSB, which is a more common situation. 

Looking at it from a different aspect, the input V4 can take on an infinite 
number of values from 0 V to F.S. The approximation V4x, however, can take on 
only a finite number of discrete values. This means that a small range of V4 values 
will have the same digital representation. In Example 10-13B we saw that values of 
V4 from ~3.72 V to ~3.73 V will require 373 steps, thereby resulting in the same 
digital representation. In other words, V4 must change by 10 mV (the resolution) 
to produce a change in digital output. 

As in the DAC, accuracy is not related to the resolution but is dependent on 
the accuracy of the circuit components, such as the comparator, the DAC’s preci- 
sion resistors and current switches, the reference supplies, and so on. An error 
specification of 0.01% ES. indicates that the ADC result may be off by 0.01 percent 
of F.S., owing to nonideal components. This error is in addition to the quantiza- 
tion error due to the resolution. These two sources of error are usually of the same 
order of magnitude for a given ADC. 
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EXAMPLE 10-14 


A certain 8-bit ADC has a full-scale input of 2.55 V G.e., Va = 2.55 V produces a 
digital output of 11111111). It has a specified error of 0.1% FS. Determine the 
maximum amount by which the V4x output can differ from the analog input. 


solution 


The step size is 2.55 V/(2® — 1), which is exactly 10 mV. This means that even if 
the DAC has no inaccuracies, the V4x output could be off by as much as 10 mV 
because V4x can change only in 10-mV steps; this is the quantization error. The 
specified error of 0.1% F.S. is 0.1% X 2.55 V = 2.55 mV. This means that the Vay 
value can be off by as much as 2.55 mV because of component inaccuracies. Thus, 
the total possible error could be as much as 10 mV + 2.55 mV = 12.55 mV. 

For example, suppose the analog input was 1.268 V. If the DAC output were 
perfectly accurate, the staircase would stop at the 127th step (1.27 V). But let’s say 
Vax was off by —2 mV, so it was 1.268 V at the 127th step. This would not be large 
enough to stop the conversion; it would stop at the 128th step. Thus, the digital 
output would be 100000002 = 12819 for an analog input of 1.268 V, an error of 
12 mV. 


Conversion Time, [c The conversion time is shown in Figure 10-13(b) as 
the time interval between the end of the START pulse and the activation of the 
EOC ouput. The counter starts counting from zero and counts up until Vay ex- 
ceeds V4, at which point EOC goes LOW to end the conversion process. It should 
be clear that the value of conversion time, fc, depends on V4. A larger value will 
require more steps before the staircase voltage exceeds V4. 

The maximum conversion time will occur when V4 is just below full scale so 


that V4x has to go to the last step to activate EOC. For an Mbit converter this will 
be 


t-(max) = 2" — 1 clock cycles 


For example, the ADC in Example 10-13A would have a maximum conversion 
time of 


tc(max) = (2'° — 1) X 1 ps = 1023 ps 


Sometimes, average conversion time is specified; it is half of the maximum conver- 
sion time. For the digital-ramp converter, this would be 
i-(avg) = ues ~= 2N~! clock cyles 

The major disadvantage of the digital-ramp method is that conversion time 
essentially doubles for each bit that is added to the counter, so that resolution can 
be improved only at the cost of a longer fc. This makes this type of ADC unsuit- 
able for applications where repetitive A/D conversions of a fast-changing analog 
signal have to be made. For low-speed applications, however, the relative simplic- 
ity of the digital-ramp converter is an advantage over the more complex, higher- 
speed ADCs. 
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EXAMPLE 10-15 


What will happen to the operation of a digital-ramp ADC if the analog input V4 is 
greater than the full-scale value? 


Solution 


Referring to Figure 10-13, it should be clear that the comparator output will never 
go LOW since the staircase voltage can never exceed V4. Thus, pulses will be con- 
tinually applied to the counter, so that the counter will repetitively count up from 
zero to maximum, recycle back to zero, count up, and so on. This will produce 
repetitive staircase waveforms at V4x going from zero to full scale, and this will 
continue until V4 is decreased below full scale. 


REVIEW QUESTIONS 
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10-10 DATA ACQUISITION 


There are many applications in which analog data have to be digitized (converted 
to digital) and transferred into a computer's memory. The process by which the 
computer acquires these digitized analog data is referred to as data acquisition. 
The computer can do several different things with the data, depending on the ap- 
plication. In a storage application, such as digital audio recording, video recording, 
or a digital oscilloscope, the internal microcomputer will store the data and then 
transfer them to a DAC at a later time to reproduce the original analog signal. In a 
process control application, the computer can examine the data or perform com- 
putations on them to determine what control outputs to generate. 

Figure 10-15(a) shows how a microcomputer is connected to a digital-ramp 
ADC for the purpose of data acquisition. The computer generates the START 
pulses that initiate each new A/D conversion. The EOC (end-of-conversion) signal 
from the ADC is fed to the computer. The computer monitors EOC to find out 
when the current A/D conversion is complete; then it transfers the digital data 
from the ADC output into its memory. 

The waveforms in Figure 10-15(b) illustrate how the computer acquires a 
digital version of the analog signal, V4. The Vax staircase waveform that is gener- 
ated internal to the ADC is shown superimposed on the V4 waveform for purposes 
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Figure 10-15 = (a) Typical computer data acquisition system; (b) wave- 
forms showing how computer initiates each new conversion cycle and 
then loads digital data into memory at end of conversion. 


of illustration. The process begins at 4, when the computer generates a START 
pulse to start an A/D conversion cycle. The conversion is completed at 4, when 
the staircase first exceeds V4, and EOC goes LOW. This NGT at EOC signals the 
computer that the ADC has a digital output that now represents the value of V4 at 
point a, and the computer will load these data into its memory. 

The computer generates a new START pulse shortly after 4 to initiate a sec- 
ond conversion cycle. Note that this resets the staircase to zero and EOC back 
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HIGH because the START pulse resets the counter in the ADC. The second conver- 
sion ends at # when the staircase again exceeds V4. The computer then loads the 
digital data corresponding to point b into its memory. These steps are repeated at 
fb, t4, and so on. 

The process whereby the computer generates a START pulse, monitors EOC, 
and loads ADC data into memory is done under the control of a program that the 
computer is executing. This data acquisition program will determine how many 
data points from the analog signal will be stored in the computer memory. 


Reconstructing a Digitized Signal —_ In Figure 10-15(b) the ADC is op- 
erating at its maximum speed since a new START pulse is generated immediately 
after the computer acquires the ADC output data from the previous conversion. 
Note that the conversion times are not constant, because the analog input value is 
changing. The computer will store the digital data obtained from the various con- 
versions so that it has a digitized version of the analog signal in its memory. For 
example, the digital data for the points a, b, and c might look as shown in Table 
10-5. These digital data are often used to later reconstruct an approximation to the 
original analog signal. For example, in digital storage oscilloscopes the stored digi- 
tal values are fed to a DAC to produce analog voltages that move the electron 
beam vertically as it is being swept horizontally by a time-base signal. The result is 
as if the analog signal were reconstructed by drawing straight lines (vectors) from 
each digitized point to the next. This is illustrated in Figure 10-10. 


Table 10-5 

oa 7 a = - Digital Equivalent 
4  go101110 
. 10010011 
. 


ee onii0 


In Figure 10-16(a) we see how the ADC continually performs conversions to 
digitize the analog signal at points a, b, c, d, and so on. If these digital data are 
used to reconstruct the signal, the result will look like that in Figure 10-16(b). We 
can see that it is a fairly good reproduction of the original analog signal. This is 
because the analog signal does not make any rapid changes between digitized 
points. If the analog signal contained higher-frequency variations, the ADC would 
not be able to follow the variations, and the reproduced version would be much 
less accurate. For this reason it is important to keep the ADC conversion time short 
enough so that the analog signal does not change significantly between conver- 
sions. This emphasizes the need for ADCs with shorter conversion times than the 
simple digital-ramp converters. We will examine much faster ADC methods in the 
next sections. 
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Figure 10-16 (a) Digitizing an analog signal; (b) re- 
constructing the signal from the digital data. 


REVIEW QUESTIONS 


1. What is digitizing a signal? | | 
2. Describe the steps in a computer data acquisition | process. 


10-11  SUCCESSIVE-APPROXIMATION ADC 


The successive-approximation converter is one of the most widely used types of 
ADC. It has more complex circuitry than the digital-ramp ADC but a much shorter 
conversion time. In addition, successive-approximation converters (SACs) have a 
fixed value of conversion time that is not dependent on the value of the analog 
input. 

The basic arrangement, shown in Figure 10-17(a), is similar to the digital- 
ramp ADC. The SAC, however, does not use a counter to provide the input to the 
DAC block but uses a register instead. The control logic modifies the contents of 
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the register bit by bit until the register data are the digital equivalent of the analog 
input V4 within the resolution of the converter. The basic sequence of operation is 
given by the flowchart in Figure 10-17(b). We will follow this flowchart as we go 
through the example illustrated in Figure 10-18. 

For this example we have chosen a simple 4-bit converter with a step size of 
1 V. Even though most practical SACs would have more bits and smaller resolution 
than our example, the operation will be exactly the same. At this point you should 
be able to determine that the four register bits feeding the DAC have weights of 8, 
4, 2, and 1 V, respectively. 

Let’s assume that the analog input is V4 = 10.4 V. The operation begins with 
the control logic clearing all of the register bits to 0 so that O; = Q: = Qi = Q = 0. 
We will express this as [O] = 0000. This makes the DAC output V4x = 0 V, as indi- 
cated at time # on the timing diagram in Figure 10-18. With V4x < Vy, the comparator 
output is HIGH. 

At the next step (time 4), the control logic sets the MSB of the register to 1 
so that [QO] = 1000. This produces Vax = 8 V. Since Vax < Va, the COMP output is 
still HIGH. This HIGH tells the control logic that the setting of the MSB did not 
make V4x exceed V4, so that the MSB is kept at 1. 

The control logic now proceeds to the next lower bit, Q2. It sets Q to 1 to 
produce [QO] = 1100 and Vax = 12 V at time h. Since Vax > V4, the COMP output 
goes LOW. This LOW signals the control logic that the value of V4x is too large, 
and the control logic then clears Q; back to 0 at &. Thus, at &, the register contents 
are back to 1000 and Vax is back to 8 V. 

The next step occurs at &%, where the control logic sets the next lower bit Q; 
so that [OQ] = 1010 and Vax = 10 V. With Vax < V4, COMP is HIGH and tells the 
control logic to keep Q; set at 1. 

The final step occurs at 4, where the control logic sets the next lower bit Qo 
so that [QO] = 1011 and Vax = 11 V. Since Vax > V4, COMP goes LOW to signal 
that Vax is too large, and the control logic clears Q) back to 0 at &. 

At this point, all of the register bits have been processed, the conversion is 
complete, and the control logic activates its EOC output to signal that the digital 
equivalent of V4 is now in the register. For this example, the digital output for V4 
= 10.4 V is [Q] = 1010. Notice that 1010 is actually equivalent to 10 V, which is 


Figure 10-18 _ Illustration of 4-bit SAC operation using DAC step size of 1 V and 
V4 = 10.4 V. 
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less than the analog input; this is a characteristic of the successive-approximation 
method. Recall that in the digital-ramp method the digital output was always 
equivalent to a voltage that was on the step above V4. 


EXAMPLE 10-16 


An 8-bit SAC has a resolution of 20 mV. What will its digital output be for an ana- 
log input of 2.17 V? 


Solution 
2.17 V/20 mV = 108.5 
so that step 108 would produce Vax = 2.16 V and step 109 would produce 2.18 V. 


The SAC always produces a final V4x that is at the step below V4. Therefore, for 
the case of V4 = 2.17 V, the digital result would be 10819 = 011011002. 


Conversion Time In the operation just described, the control logic goes to 
each register bit, sets it to 1, decides whether or not to keep it at 1, and goes on to 
the next bit. The processing of each bit takes one clock cycle, so that the total 
conversion time for an N-bit SAC will be Nclock cycles. That is, 

tc for SAC = NX 1 clock cycle 
This conversion time will be the same regardless of the value of V4. This is because 
the control logic has to process each bit to see whether a 1 is needed or not. 


EXAMPLE 10-17 


Compare the maximum conversion times of a 10-bit digital-ramp ADC and a 10-bit 
successive-approximation ADC if both utilize a 500-kHz clock frequency. 


Solution 


For the digital-ramp converter, the maximum conversion time is 

(2% — 1) X Ci clock cycle) = 1023 X 2 us = 2046 us 
For a 10-bit successive-approximation converter, the conversion time is always 10 
clock periods or 


10 X 2 ps = 20 ps 
Thus, it is about 100 times faster than the digital-ramp converter. 


Since SACs have relatively fast conversion times, their use in data acquisition 
applications will permit more data values to be acquired in a given time interval. 
This can be very important when the analog data are changing at a relatively fast 
rate. 

Because many SACs are available as ICs, it is rarely necessary to design the 
control logic circuitry, and so we will not cover it here. For those who are inter- 
ested in the details of the control logic, many manufacturers’ data books should 
provide sufficient detail. 


An Actual IC: The ADCO804 Successive-Approximation ADC 
ADCs are available from several IC manufacturers with a wide range of operating 
characteristics and features. We will take a look at one of the more popular de- 
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vices to get an idea of what is actually used in system applications. Figure 10-19 is 
the pin layout for the ADC0804, which is a 20-pin CMOS IC that performs A/D 
conversion using the successive-approximation method. Some of its important 
characteristics are as follows: 


m It has two analog inputs: Vin(+) and Vix(—) to allow differential inputs. In 
other words, the actual analog input, Vin, is the difference in the voltages ap- 
plied to these pins [analog Vin = Vin(+) — Vn(—)]. In single-ended measure- 
ments, the analog input is applied to Vin(+), while Vin(—) is connected to 
analog ground. During normal operation, the converter uses Vec = +5 V as 
its reference voltage, and the analog input can range from 0 to 5 V full scale. 


m It converts the analog input voltage to an 8-bit digital output. The digital out- 
puts are tristate buffered so that they can be easily connected in a data-bus 
arrangement. With 8 bits, the resolution is 5 V/255 = 19.6 mV. 

m It has an internal clock generator circuit that produces a frequency of f= 
1/1.1RC), where R and C are values of externally connected components. A 
typical clock frequency is 606 kHz using R = 10 kQ. and C = 150 pF. An ex- 
ternal clock signal can be used, if desired, by connecting it to the CLK IN 
pin. 

m Using a 606-kHz clock frequency, the conversion time is approximately 100 us. 

m It has separate ground connections for digital and analog voltages. Pin 8 is 
the analog ground that is connected to the common reference point of the 
analog circuit that is generating the analog voltage. Pin 10 is the digital 
ground that is the one used by all the digital devices in the system. (Note the 
different symbols used for the different grounds.) The digital ground is inher- 
ently noisy because of the rapid current changes that occur as digital devices 
change states. Although it is not necessary to use a separate analog ground, 
doing so ensures that the noise from digital ground is prevented from caus- 
ing premature switching of the analog comparator inside the ADC. 


Figure 10-19 ADC0804 eight-bit successive-approximation 
ADC with tristate outputs. The numbers in parentheses are 
the IC’s pin numbers. 
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This IC is designed to be easily interfaced to a microprocessor data bus. For 
this reason, the names of some of the ADC0804 inputs and outputs are based on 
functions that are common to microprocessor-based systems. The functions of 
these inputs and outputs are defined as follows: 


CS (Chip Select) This input has to be in its active-LOW state for the RD or WR 
inputs to have any effect. With CS HIGH, the digital outputs are in the Hi-Z 
state, and no conversions can take place. 


RD (READ) This input is used to enable the digital output buffers. With CS = 
RD = LOW, the digital output pins will have logic levels representing the re- 
sults of the /ast A/D conversion. The microcomputer can then read (fetch) 
this digital data over the system data bus. 


WR (WRITE) A LOW pulse is applied to this input to signal the start of a new 
conversion. This is actually a start conversion input. It is called a WRITE 
input because in a typical application the microcomputer generates a WRITE 
pulse (similar to one used for writing to memory) that drives this input. 


INTR (INTERRUPT) This output signal will go HIGH at the start of a conver- 
sion, and will return LOW to signal the end of conversion. This is actually an 
end-of-conversion output signal, but it is called INTERRUPT because in a 
typical situation it is sent to a microprocessor’s interrupt input to get the mi- 
croprocessor’s attention to let it know that the ADC’s data are ready to be 
read. 


Vret/2 This is an optional input that can be used to reduce the internal reference 
voltage and thereby change the analog input range that the converter can 
handle. When this input is unconnected, it sits at 2.5 V (Vced/2), since Vcc is 
being used as the reference voltage. By connecting an external voltage to 
this pin, the internal reference is changed to twice that voltage, and the ana- 
log input range is changed accordingly. Table 10-6 shows this. 


Table 10-6 
Veret/2 Analog Input Range (V) Resolution (mV) : 
Open 0-5 19.6 
225 0-4.5 17.6 
2.0 0-4 15./ 
1s | 0-3 11.8 


CLK OUT A resistor is connected to this pin to use the internal clock. The clock 
signal appears on this pin. 


CLK IN Used for external clock input, or for capacitor connection when internal 
clock is used. 


Figure 10-20(a) shows a typical connection of the ADC0804 to a microcom- 
puter in a data acquisition application. The microcomputer controls when a con- 
version is to take place by generating the CS and WR signals. It then acquires the 
ADC output data by generating the CS and RD signals after detecting a NGT at 
INTR indicating the end of conversion. The waveforms in Figure 10-20(b) show the 
signal activity during the data acquisition process. Note that JNTR goes HIGH 
when CS and WR go LOW, but the conversion process does not begin until CSand 
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WR return HIGH. Also note that the ADC output data lines are in their Hi-Z state 
until the microcomputer activates CS and RD; at that point the ADC’s data buffers 
are enabled so that the ADC data are sent to the microcomputer over the data bus. 
The data lines return to the Hi-Z state when CS and RD are returned HIGH. 


REVIEW QUESTIONS 


1. What is the main advantage of a SAC over a digital-ramp ADC? 
2. What is its principal disadvantage compared with the digital-ramp con- 
verter? | 
3. True or false: The conversion time for a SAC increases as the analog volt- 
age increases. 
4. Answer the following concerning the ADC0804. 
(a) What is its resolution in bits? 
(b) What is the normal analog input voltage range? 
(c) Describe the functions of the CS, WR, and RD inputs. 
(d) What is the function of the JNTR output? 
-(e) Why does it have two separate grounds? 


10-12. FLASH ADGs 


The flash converter is the highest-speed ADC available, but it requires much more 
circuitry than the other types. For example, a 6-bit flash ADC requires 63 analog 
comparators, while an 8-bit unit requires 255 comparators, and a 10-bit converter 
requires 1023 comparators. The large number of comparators has limited the size 
of flash converters. IC flash converters are currently available in 2- to 8-bit units, 
and most manufacturers predict that 9- and 10-bit units will hit the market in the 
near future. 

The principle of operation will be described for a 3-bit flash converter in 
order to keep the circuitry at a workable level. Once the 3-bit converter is under- 
stood, it should be easy to extend the basic idea to higher-bit flash converters. 

The flash converter in Figure 10-21(a) has a 3-bit resolution and a step size 
of 1 V. The voltage divider sets up reference levels for each comparator so that 
there are seven levels corresponding to 1 V (weight of LSB), 2 V, 3 V,...,and7V 
(full-scale). The analog input, V4, is connected to the other input of each comparator. 

With V4 < 1 V, all the comparator outputs Ci through G will be HIGH. With 
V4 > 1 V, one or more of the comparator outputs will be LOW. The comparator 
outputs are fed into an active-LOW priority encoder that generates a binary output 
corresponding to the highest-numbered comparator output that is LOW. For exam- 
ple, when V4 is between 3 and 4 V, outputs Gi, CG, and C3 will be LOW and all 
others will be HIGH. The priority encoder will respond only to the LOW at C3 and 
will produce a binary output CBA = 011, which represents the digital equivalent 
of V4, within the resolution of 1 V. When V4, is greater than 7 V, G to G will all be 
LOW, and the encoder will produce CBA = 111 as the digital equivalent of V4. 
The table in Figure 10-21(b) shows the responses for all possible values of analog 
input. 
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Figure 10-21 = (a) Three-bit flash ADC; (b) truth table. 


The flash ADC of Figure 10-21 has a resolution of 1 V because the analog 
input has to change by 1 V in order to bring the digital output to its next step. 
To achieve finer resolutions, we would have to increase the number of input 
voltage levels (i.e., use more voltage-divider resistors) and the number of com- 
parators. For example, an 8-bit flash converter would require 2° = 256 voltage 
levels, including 0 V. This would require 256 resistors and 255 comparators (there 
is no comparator for the 0-V level). The 255 comparator outputs would feed a 
priority encoder circuit that would produce an 8-bit code corresponding to the 
highest-order comparator output that is LOW. In general, an N-bit flash converter 
would require 2% — 1 comparators, 2” resistors, and the necessary encoder logic. 
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Conversion Time The flash converter uses no clock signal, because there 
is no timing or sequencing required. The conversion takes place continuously. 
When the value of analog input changes, the comparator outputs will change, 
thereby causing the encoder outputs to change. The conversion time is the time it 
takes for a new digital output to appear in response to a change in V4, and de- 
pends only on the propagation delays of the comparators and encoder logic. For 
this reason, flash converters have extremely short conversion times. For example, 
the MC10319 from Motorola is an 8-bit ADC that uses high-speed ECL circuits in- 
ternally but has TTL-compatible logic inputs and outputs. Its typical conversion 
time is less than 20 ns. 


REVIEW {EEE 


10-13 OTHER A/D CONVERSION METHODS 


There are several other methods of A/D conversion that have been in use for 
some time, each with its relative advantages and disadvantages. We will briefly de- 
scribe some of them now. 


Up/Down Digital-Ramp ADC (Tracking ADC) As we have seen, the 
digital-ramp ADC is relatively slow because the counter is reset to zero at the start 
of each new conversion. The staircase always begins at 0 V and steps its way up 
to the “switching point” where V4x exceeds V4 and the comparator output 
switches LOW. The time it takes the staircase to reset to zero and step back up to 
the new switching point is really wasted. The up/down digital-ramp ADC uses 
an up/down counter to reduce this wasted time. 

The up/down counter replaces the up counter that feeds the DAC. It is de- 
signed to count up whenever the comparator output indicates Vax < V4, and to 
count down whenever Vax > V4. Thus, the DAC output is always being stepped in 
the direction of the V4 value. Each time the comparator output switches states, it 
indicates that Vax has “crossed” the V4 value, the digital equivalent of V4 is in the 
counter, and the conversion is complete. 

When a new conversion is to begin, the counter is not reset to zero, but be- 
gins counting either up or down from its last value, depending on the comparator 
output. It will count until the staircase crosses V4 again to end the conversion. The 
Vax waveform, then, will contain both positive-going and negative-going staircase 
signals that “track” the V4 signal. For this reason, this ADC is often called a track- 
ing ADC. 

Clearly, the conversion times will generally be reduced because the counter 
does not start over from zero each time, but simply counts up or down from its 
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previous value. Of course, the value of fc will still depend on the value of V4, and 
so will not be constant. 


Voltage-to-Frequency ADC — The voltage-to-frequency ADC is simpler 
than other ADCs because it does not use a DAC. Instead it uses a linear voltage- 
controlled oscillator (VCO) that produces an output frequency that is proportional 
to its input voltage. The analog voltage that is to be converted is applied to the 
VCO to generate an output frequency. This frequency is fed to a counter to be 
counted for a fixed time interval. The final count is proportional to the value of 
the analog voltage. 

To illustrate, suppose the VCO generates a frequency of 10 kHz for each volt 
of input G.e., 1 V produces 10 kHz, 1.5 V produces 15 kHz, 2.73 V produces 
27.3 kHz). If the analog input voltage is 4.54 V, then the VCO output will be a 
45.4-kHz signal that clocks a counter for, say, 10 ms. After the 10-ms counting interval, 
the counter will hold the count of 454, which is the digital representation of 4.54 V. 

Although this is a simple method of conversion, it is difficult to achieve a 
high degree of accuracy because of the difficulty in designing VCOs with accura- 
cies of better than 0.1 percent. 

One of the main applications of this type of converter is in noisy industrial 
environments where small analog signals have to be transmitted from transducer 
circuits to a control computer. The small analog signals can be drastically affected 
by noise if they are directly transmitted to the control computer. A better approach 
is to feed the analog signal to a VCO, which generates a digital signal whose out- 
put frequency changes according to the analog input. This digital signal is trans- 
mitted to the computer and will be much less affected by noise. Circuitry in the 
control computer will count the digital pulses (.e., perform a frequency-counting 
function) to produce a digital value equivalent to the original analog input. 


Dual-Slope ADC ~The dual-slope converter has one of the slowest conver- 
sion times (typically 10 to 100 ms) but has the advantage of relatively low cost be- 
cause it does not require precision components such as a DAC or VCO. The basic 
operation of this converter involves the /inear charging and discharging of a ca- 
pacitor using constant currents. First, the capacitor is charged up for a fixed time 
interval from a constant current derived from the analog input voltage, V4. Thus, at 
the end of this fixed charging interval, the capacitor voltage will be proportional to 
V,. At that point, the capacitor is linearly discharged from a constant current de- 
rived from a precise reference voltage, Vrer. When the capacitor voltage reaches 
zero, the linear discharging is terminated. During the discharge interval, a digital 
reference frequency is fed to a counter and counted. The duration of the discharge 
interval will be proportional to the initial capacitor voltage. Thus, at the end of the 
discharge interval, the counter will hold a count proportional to the initial capaci- 
tor voltage, which, as we said, is proportional to V4. 

In addition to its low cost, another advantage of the dual-slope ADC is its 
low sensitivity to noise and to variations in its component values caused by tem- 
perature changes. Because of its slow conversion times, the dual-slope ADC is not 
used in any data acquisition applications. The slow conversion times, however, are 
not a problem in applications such as digital voltmeters or multimeters, and this is 
where they find their major application. 
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REVIEW QUESTIONS 


L How does the up/down. digital- ‘ramp ) ADC improve on. the digital ramp = 


10-14 DIGITAL VOLTMETER 


A digital voltmeter (DVM) converts an analog voltage to its BCD-code representa- 
tion, which is then decoded and displayed on some type of readout. Figure 10-22 


Figure 10-22 Continuous-conversion DVM using a digital-ramp ADC. 
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shows a three-digit DVM circuit that uses a digital-ramp ADC (shown inside the 
dashed lines). Three cascaded BCD counters provide the inputs to a three-digit 
BCD-to-analog converter that has a step size of 10 mV and a full-scale output of 
9.99 V. Each BCD counter stage also drives a 4-bit register that feeds a 
decoder/driver and display. The contents of the BCD counters are transferred to 
the registers at the end of each conversion cycle, so that the displays do not show 
the counters resetting and counting, but only display the final count that repre- 
sents the unknown voltage. 

As long as Vax < V4, the COMP output stays HIGH and clock pulses pass 
through the AND gate to the counter. As the counter increments, the Vax signal in- 
creases at 10 mV per step until it exceeds V4 (see Figure 10-23). At that point 
COMP goes LOW to disable the AND gate and stop the counter, thereby ending 
the conversion. The NGT of COMP also triggers one-shot OS1 to produce a 1-pys 
pulse at Q:. The PGT of Q, transfers the outputs of the BCD counter stages to their 
respective registers to be stored and displayed. The NGT of Q; triggers a second 
one-shot, OS2, to produce a pulse that resets all the counters to zero. This brings 
Vax back to zero, and COMP returns HIGH, allowing pulses into the counter to 
begin a new conversion cycle. 

Thus, this DVM will perform one conversion right after another. Of course, 
the storage registers will keep the displays from showing the conversion process. 
The display readings will change only if V4 changes, so that different counter con- 
tents are transferred to the registers at the end of the conversion cycle. 

A numerical example will help illustrate this circuit’s operation. Assume that 
Va is 6.372 V. In order for the COMP output to switch LOW, Vax must exceed 
6.3721 V. Since the DAC output increases by 10 mV/step, this requires 

6.3721 V 
10 mV 
Thus, the counters will count up to 638, which will be transferred to the registers 
and displayed. A small LED can be used to display a decimal point so that the op- 
erator sees 6.38 V. 


= 637.21 — 638 steps 


Figure 10-23 Waveforms for DVM. 
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EXAMPLE 10-18 


What will happen if V4 is greater than 9.99 V? 


Solution 


With V4 > 9.99 V, the comparator output will stay HIGH, allowing clock pulses 
into the counter continuously. The counter will repetitively count up to 999 and 
recycle to 000. One-shot Q; will never be triggered and the register contents will 
not change from their previous value. A well-designed DVM would have some 
means of detecting this over-range condition and activating some type of over- 
range indicator. One possible method would simply add a thirteenth bit to the 
counter string. This bit would go HIGH only if the counter recycled from 999 to 
000, and would indicate the over-range condition. 


The DVM can be modified to read input voltages over several ranges by 
using a suitable amplifier or attenuator between V4 and the comparator. For exam- 
ple, if V4 were 63.72 V, it could be attenuated by a factor of 10, so that the com- 
parator would receive 6.372 V at its + input and the counters would display 638 at 
the end of the conversion. The decimal-point indicator would be placed in front of 
the LSD, so that the display would read 63.8 V. 

The DVM can be modified to operate as a DMM that can measure current 
and resistance as well as voltage. To measure current, the unknown current is 
made to flow through a fixed reference resistor to produce a voltage. To measure 
resistance, a fixed reference current is made to flow through the unknown resis- 
tance to develop a voltage. In each case, the resulting voltage is fed to a circuit 
like that of Figure 10-22 to be measured and displayed. The circuit may require an 
attenuation scaling factor so that the displayed value correctly represents the quan- 
tity (current or resistance) being measured. 

AC voltages can be measured by this same DVM if they are first converted to 
a dc voltage. This can be done by using a circuit that converts the true rms value 
of a signal (pure ac or otherwise) to a dc value. The AD536A from Analog Devices 
is one such IC that performs this true rms-to-dc conversion. 


REVIEW QUESTIONS 


1. What is the purpose of the registers in the DVM circuit? 
2. What is the purpose of the two one-shots? 
3. How would the performance of the DVM change if an SAC were used? 


10-15  SAMPLE-AND-HOLD CIRCUITS 


When an analog voltage is connected directly to the input of an ADC, the conver- 
sion process can be adversely affected if the analog voltage is changing during the 
conversion time. The stability of the conversion process can be improved by using 
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Figure 10-24 Simplified diagram of a sample-and-hold circuit. 


a sample-and-hold circuit to hold the analog voltage constant while the A/D con- 
version is taking place. A simplified diagram of a sample-and-hold (S/H) circuit is 
shown in Figure 10-24. 

The S/H circuit contains a unity-gain buffer amplifier A: that presents a high 
impedance to the analog signal and has a low output impedance that can rapidly 
charge the hold capacitor, Cy. The capacitor will be connected to the output of A: 
when the digitally controlled switch is closed. This is called the sample operation. 
The switch will be closed long enough for Cy, to charge to the current value of the 
analog input. For example, if the switch is closed at time 4, the A; output will 
quickly charge Cy, up to a voltage Vo. When the switch opens, Cy will hold this 
voltage so that the output of Az will apply this voltage to the ADC. The unity-gain 
buffer amplifier Az presents a high input impedance that will not discharge the ca- 
pacitor voltage appreciably during the conversion time of the ADC, and so the 
ADC will essentially receive a dc input voltage Vo. 

In a computer-controlled data acquisition system such as the one discussed 
earlier, the sample-and-hold switch would be controlled by a digital signal from 
the computer. The computer signal would close the switch in order to charge Cy to 
a new sample of the analog voltage; the amount of time the switch would have to 
remain closed is called the acquisition time and it depends on the value of G 
and the characteristics of the S/H circuit. The LF198 is an integrated S/H circuit 
that has a typical acquisition time of 4 ws for CG, = 1000 pF, and 20 ps for G = 
0.01 wF. The computer signal would then open the switch to allow G, to hold its 
value and provide a relatively constant analog voltage at the Az output. For exam- 
ple, with the LF198, the capacitor voltage will typically discharge at the rate of 
only 30 mV per second for a 1000-pF capacitor. 


REVIEW QUESTIONS 


1. Describe the function of a sample-and-hold circuit. 


a. {rue or false: The amplifiers in the S/H circuit are used to provide voltage 
amplification. 
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10-16  MULTIPLEXING 


When analog inputs from several sources are to be converted, a multiplexing tech- 
nique can be used so that one ADC may be time-shared. The basic scheme is illus- 
trated in Figure 10-25 for a four-channel acquisition system. Rotary switch S is 
used to switch each analog signal to the input of the ADC, one at a time in se- 
quence. The control circuitry controls the switch position according to the select 
dddress bits, Ai, Ao, from the mod-4 counter. For example, with A14j = 00, the 
switch connects V4o to the ADC input; A:4o = 01 connects V4; to the ADC input, 
and so on. Each input channel has a specific address code which, when present, 
connects that channel to the ADC. 
The operation proceeds as follows: 


1. With select address = 00, V4o is connected to the ADC input. 

2. The control circuit generates a START pulse to initiate the conversion of Vo 
to its digital equivalent. 

3. When the conversion is complete, EOC signals that the ADC output data are 
ready. Typically, these data will be transferred to a computer over a data bus. 

4. The multiplexing clock increments the select address to 01, which connects 
V4, to the ADC. 

5. Steps 2 and 3 are repeated with the digital equivalent of V4: now present at 
the ADC outputs. 

6. The multiplexing clock increments the select address to 10, and V4.2 is con- 
nected to the ADC. 


Figure 10-25 Conversion of four analog inputs by multiplexing 
through one ADC. 
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7. Steps 2 and 3 are repeated with the digital equivalent of V42 now present at 
the ADC outputs. 


8. The multiplexing clock increments the select address to 11, and V43 is con- 
nected to the ADC. 


9. Steps 2 and 3 are repeated with the digital equivalent of V43 now present at 
the ADC outputs. 


The multiplexing clock controls the rate at which the analog signals are se- 
quentially switched into the ADC. The maximum rate is determined by the delay 
time of the switches and the conversion time of the ADC. The switch delay time 
can be minimized by using semiconductor switches such as the CMOS bilateral 
switch described in Chapter 8. It may be necessary to connect a sample-and-hold 
circuit at the input of the ADC if the analog inputs will change significantly during 
the ADC conversion time. 

Many integrated ADCs contain the multiplexing circuitry on the same chip as 
the ADC. The ADC0808, for example, can multiplex eight different analog inputs 
into one ADC. It uses a 3-bit select input code to determine which analog input is 
connected to the ADC. 


REVIEW QUESTIONS 


1. What is the advantage of this multiplexing scheme? 


2. How would the address counter be changed if there were eight analog in- 
puts? 


10-17 DIGITAL STORAGE OSCILLOSCOPE 


As a final example of the application of D/A and A/D converters, we will take a 
brief look at the digital storage oscilloscope (DSO). The DSO uses both of these 
devices to digitize, store, and display analog waveforms. A DSO has many advan- 
tages over the conventional storage oscilloscope (CSO), which stores the wave- 
form image as electrical charges on a mesh screen between the CRT’s electron gun 
and the phosphor-coated screen. Here are some of them: 


m The DSO can store the waveforms for an indefinite time because the digital 
values are stored in digital memory (i.e., flip-flops). In a CSO, the image 
gradually fades as the charges on the mesh screen are slowly neutralized. 

gm In many DSOs, the stored waveform can be positioned anywhere on the CRT 
screen, and can have its vertical and horizontal scales changed to suit the 
measurement situation. This is not possible with a CSO. 

m With a DSO, it is possible to store and display portions of the waveform that 
occur before the occurrence of the trigger point. Again, this cannot be done 
with a CSO. 

m Many DSOs can store several waveforms and print them out on a standard 
printer. 


A block diagram of a DSO is shown in Figure 10-26. The overall operation is 
controlled and synchronized by the circuits in the CONTROL block, which usually 
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Figure 10-26 Block diagram of a digital storage oscilloscope. 


contains a microprocessor executing a control program stored in ROM (read-only 
memory). The data acquisition portion of the system contains a sample-and-hold 
(S/H) and an ADC that repetitively samples and digitizes the input signal at a rate 
determined by the SAMPLE CLOCK, and sends the digitized data to memory for 
storage. The CONTROL block makes sure that successive data points are stored in 
successive memory locations by continually updating the memory’s ADDRESS 
COUNTER, 

When memory is full, the next data point from the ADC is stored in the first 
memory location, writing over the old data, and so on, for successive data points. 
This data acquisition and storage process continues until the CONTROL block re- 
ceives a trigger signal from either the input waveform (INTERNAL trigger) or an 
EXTERNAL trigger source. When the trigger occurs, the system stops acquiring 
new data and enters the display mode of operation, in which all or part of the 
memory data is repetitively displayed on the CRT. 

The display operation uses two DACs to provide the vertical and horizontal 
deflection voltages for the CRT. Data from memory produce the vertical deflection 
of the electron beam, while the TIME-BASE COUNTER provides the horizontal de- 
flection in the form of a staircase sweep signal. The CONTROL block synchronizes 
the display operation by incrementing the memory ADDRESS COUNTER and the 
TIME-BASE COUNTER at the same time so that each horizontal step of the elec- 
tron beam is accompanied by a new data value from memory to the vertical DAC. 
The counters are continuously recycled so that the stored data points are repeti- 
tively replotted on the CRT screen. The screen display consists of discrete dots 
representing the various data points, but the number of dots is usually so large 
(typically, 1000 or more) that they tend to blend together and appear to be a 
smooth continuous waveform. The display operation is terminated when the oper- 
ator presses a front-panel button that commands the DSO to begin a new data ac- 
quisition cycle. 
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Related Applications —§ The same sequence of operations performed in a 
DSO—data acquisition/digitizing/storage/data outputting—is used in other applica- 
tions of DAC and ADC. For example, in digital audio recording, the analog audio 
signal produced by a microphone is digitized (using an ADC), then stored on 
some medium such as magnetic tape, magnetic disk, or optical disk. Later the 
stored data are “played back” by sending them to a DAC to reconstruct the analog 
signal, which is fed to the amplifier and speaker system to produce the recorded 
sound. 


REVIEW QUESTIONS 


1. What are some of the advantages of a DSO over a CSO? 
2. Describe the functions of the ADC and DACs that are part of the DSO. 


PROBLEMS 


SECTIONS 10-1 AND 10-2 


10-1. DRILL QUESTION 
(a) What is the expression relating the output and inputs of a DAC? 
(b) Define step size of a DAC. 
(c) Define resolution of a DAC. 
(d) Define full scale. 
(e) Define percentage resolution. 
(f) True or false: A 10-bit DAC will have a smaller resolution than a 12-bit 
DAC for the same full-scale output. 
(g) True or false: A 10-bit DAC with full-scale output of 10 V has a smaller 
percentage resolution than a 10-bit DAC with 12 V full scale. 
10-2. An 8-bit DAC produces an output voltage of 2.0 V for an input code of 
01100100. What will be the value of Vour for an input code of 10110011? 
10-3. Determine the weight of each input bit for the DAC of Problem 10-2. 
10-4. What is the resolution of the DAC of Problem 10-2? Express it in volts and 
in percent. 
10-5. What is the resolution in volts of a 10-bit DAC whose E.S. output is 5 V? 
10-6. How many bits are required for a DAC so that its FS. output is 10 mA and 
its resolution is less than 40 mA? 
10-7. What is the percentage resolution of the DAC of Figure 10-27? What is the 
step size if the top step is 2 V? 
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10-8. What is the cause of the negative-going spikes on the Vour waveform of 


10-9. 


10-10. 


10-11. 


10-12. 


Figure 10-27? (Hint: Note that the counter is a ripple counter and that the 
spikes occur on every other step.) 

Assuming a 12-bit DAC with perfect accuracy, how close to 250 rpm can 
the motor speed be adjusted in Figure 10-4? 

A 12-bit (three-digit) DAC which uses the BCD input code has a full-scale 
output 9.99 V. Determine the step size, the percentage resolution, and the 
value of Vour for an input code of 0110 1001 0101. 

Compare the step size and percentage resolution of a DAC with an 8-bit 
binary input with a DAC having an 8-bit BCD input. Assume 990 mV full 
scale for each DAC. 

Determine the weight of each bit for the BCD DAC of Problem 10-10. 
What do you think the output would be if the input is 100000100011? 


SECTION 10-3 


10-13. 


10-14. 


10-15. 


The step size of the DAC of Figure 10-6 can be changed by changing the 
value of Re. Determine the required value of Rp for a step size of 0.5 V. 
Will the new value of Re change the percentage resolution? 


Assume that the output of the DAC in Figure 10-8(a) is connected to the 

op amp of Figure 10-8(b). 

(a) With Veer = 5 V, R= 20 kQO, and Re = 10 kQ, determine the step size 
and full-scale voltage at Vour. 

(b) Change the value of Rp so that the full-scale voltage at Vour is —2 V. 

(c) Use this new value of Re, and determine the proportionality factor, K, 
in the relationship Vour = K(Vrer X B). 

What is the advantage of the DAC of Figure 10-9 over that of Figure 10-8, 

especially for a larger number of input bits? 


SECTIONS 10-4 TO 10-6 


~~ 


\W/ 


/ 
ZTIWN 
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10-16. 


10-17. 


An 8-bit DAC has a full-scale error of 0.2% F.S. If the DAC has a full-scale 
output of 10 mA, what is the most that it can be in error for any digital 
input? If the D/A output reads 50 wA for a digital input of 00000001, is this 
within the specified range of accuracy? (Assume no offset error.) 


The control of a positioning device may be achieved using a servomotor, 
which is a motor designed to drive a mechanical device as long as an 
error signal exists. Figure 10-28 shows a simple servo-controlled system 
which is controlled by a digital input that could be coming directly from a 
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computer or from an output medium such as magnetic tape. The lever 

arm is moved vertically by the servomotor. The motor rotates clockwise or 

counterclockwise, depending on whether the voltage from the power am- 
plifier (P.A.) is positive or negative. The motor stops when the P.A. output 
is Zero. 

The mechanical position of the lever is converted to a dc voltage by 
the potentiometer arrangement shown. When the lever is at its zero refer- 
ence point, Vp = 0 V. The value of Vp increases at the rate of 1 V/inch 
until the lever is at its highest point (10 inches) and Vp = 10 V. The de- 
sired position of the lever is provided as a digital code from the computer 
and is then fed to a DAC, producing V4. The difference between Vp and 
V4 (called error) is produced by the differential amplifier and amplified by 
the P.A. to drive the motor in the direction that causes the error signal to 
decrease to 0—that is, moves the lever until Vp = V4. 

(a) If it is desired to position the lever within a resolution of 0.1 inch, 
what is the number of bits needed in the digital input code? 

(b) In actual operation, the lever arm might oscillate slightly around the 
desired position, especially if a wire-wound potentiometer is used. Can 
you explain why? 

10-18. DRILL QUESTION 

(a) Define binary-weighted resistor network. 

(b) Define R/2R ladder network. 

(c) Define DAC settling time. 

(d) Define full-scale error. 

(e) Define offset error. 
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10-19. A particular 6-bit DAC has a full-scale output rated at 1.260 V. Its accuracy 
is specified as 0.1% ES. and it has an offset error of +1 mV. Assume that 
the offset error has not been zeroed out. Consider the measurements 
made on this DAC (Table 10-7), and determine which of them are not 
within the device’s specifications. (Hint: The offset error is added to the 
error caused by component inaccuracies. ) 


Table 10-7 
Input Code Output (mV) 
000010 aS 
000111 140,2 
001100 242.5 
H1liil 1.258 V 


SECTION 10-7 


10-20. A certain DAC has the following specifications: 8-bit resolution, full scale 
= 2.55 V, offset S 2 mV; accuracy = £0.1% ES. A static test on this DAC 
produces the results shown in Table 10-8. What is the probable cause of 
the malfunction? 


Table 10-8 

Input Code Output 
00000000 8 mV 
OOO00001 18.2 mV 
00000010 28.) mV 
00000100 48.3 mV 
00001111 15865 my 
10000000 1.289 V 


Table 10-9 


Input Code 


QO000000 
QOO0O0001 
00000010 
00000100 
OOOO1111 
10000000 
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4 10-21. Repeat Problem 10-20 using the measured data given in Table 10-9. 


Output 


20.5 mV 
30.5 mV 
20.5 11V 
60.6 mV 
150.6 mV 
1.300 V 


10-22. A technician connects a counter to the DAC of Figure 10-3 to perform a 
staircase test using a 1-kHz clock. The result is shown in Figure 10-29. 
What is the probable cause of the incorrect staircase signal? 


Voltages 


@) 1 2 5 10 15 
Time (ms) 


Figure 10-29 


SECTIONS 10-8 AND 10-9 


10-23. DRILL QUESTION 


Fill in the blanks in the following description of the ADC of Figure 10-13. 
Each blank may be one or more words. 
A START pulse is applied to the counter and to keep 
from passing through the AND gate into the 
. At this point, the DAC output, Vax, is 


and EOC is 
When START returns , the AND gate is 
, and the counter is allowed to , 
The V4x signal is increased one at a time until it 
V4. At that point, goes LOW to 
further pulses from . This signals 
the end of conversion, and the digital equivalent of V4 is present at 
the 


10-24. An 8-bit digital-ramp ADC with a 40-mV resolution uses a clock frequency 
of 2.5 MHz and a comparator with Vy = 1 mV. Determine the following 
values. 

(a) The digital output for V4 = 6.000 V 
(b) The digital output for 6.035 V 
(c) The maximum and average conversion times for this ADC 
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10-25. 


10-26. 


10-27. 


Why were the digital outputs the same for parts (a) and (b) of Problem 
10-24? 

What would happen in the ADC of Problem 10-24 if an analog voltage of 
V4 = 10.853 V were applied to the input? What waveform would appear 
at the D/A output? Incorporate the necessary logic in this ADC so that an 
“over-scale” indication will be generated whenever V4 is too large. 

An ADC has the following characteristics: resolution, 12 bits; full-scale 
error, 0.03% F.S.; full scale output, +5 V. 

(a) What is the quantization error in volts? 

(b) What is the total possible error in volts? 


. The quantization error of an ADC such as the one in Figure 10-13 is al- 


ways positive since the V4x value must exceed Vy, in order for the com- 
parator Output to switch states. This means the value of Vax could be as 
much as 1 LSB greater than V4. This quantization error can be modified so 
that Vax would be within +% LSB of Vy. This can be done by adding a 
fixed voltage equal to % LSB (% step) to the value of Vay. Figure 10-30 
shows this symbolically for a converter that has a resolution of 10 
mvV/step. A fixed voltage of +5 mV is added to the D/A output in the 
summing amplifier and the result, Vay, is fed to the comparator, which has 
Vz = 1 mV. 

For this modified converter, determine the digital output for the fol- 
lowing V4 values. 
(a) V4 = 5.022 V 
(b) V4= 5.028 V 
Determine the quantization error in each case by comparing V4x and V4. 
Note that the error is positive in one case and negative in the other. 


Figure 10-30 


Vay = 
Vax +5 mV 


+5 mV 
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10-29. 


For the ADC of Figure 10-30, determine the range of analog input values 
that will produce a digital output of 0100011100. 


SECTION 10-10 


10-30. 


Voltage 
NO 


Assume that the analog signal in Figure 10-31 is to be digitized by per- 
forming continuous A/D conversions using an 8-bit digital-ramp converter 
whose staircase rises at the rate of 1 V every 25 ps. Sketch the recon- 
structed signal using the data obtained during the digitizing process. Com- 
pare it with the original signal, and discuss what could be done to make it 
a more accurate representation. 


0 50 100 150 200 250 300 350 400 
Time (us) 


Figure 10-31 


SECTION 10-11 


10-31. 


10-32. 
10-33. 
10-34. 


10-35. 


DRILL QUESTION 


Indicate whether each of the following statements refers to the digital- 
ramp ADC, successive-approximation ADC, or both. 

(a) Produces a staircase signal at its DAC output 

(b) Has a constant conversion time independent of V4 

(c) Has a shorter average conversion time 

(d) Uses an analog comparator 

(e) Uses a DAC 

(f) Uses a counter 

(g) Has complex control logic 

(h) Has an EOC output 

Draw the waveform for V4y as the SAC of Figure 10-18 converts V4 = 6.7 V. 

Repeat Problem 10-32 for V4 = 16 V. 

A certain 8-bit successive-approximation converter has 2.55 V full scale. 
The conversion time for V4 = 1 V is 80 ws. What will be the conversion 
time for V4 = 1.5 V? 

Figure 10-32 shows the waveform at V4x for a 6-bit SAC with a step size of 
40 mV during a complete conversion cycle. Examine this waveform and 
describe what is occurring at times 4 to 4&. Then determine the resultant 
digital output. 
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10-36. Refer to Figure 10-20. What is the approximate value of the analog input if 
the microcomputer’s data bus is at 10010111 when RD is pulsed LOW? 


10-37. Connect a 2.0-V reference source to Vier/2 and repeat Problem 10-36. 
SECTION 10-12 


10-38. Discuss how a flash ADC with a conversion time of 1 ws would work for 
the situation of Problem 10-30. 


10-39. Draw the circuit diagram for a 4-bit flash converter with BCD output and a 
resolution of 0.1 V. Assume that a +5 V precision supply voltage is avail- 
able. 


DRILL QUESTION 


10-40. For each of the following statements, indicate which type of ADC is being 
described—digital-ramp, SAC, or flash. 
(a) Fastest method of conversion 
(b) Needs a START pulse 
(c) Requires the most circuitry 
(d) Does not use a DAC 
(e) Generates a staircase signal 
(f) Uses an analog comparator 
(g) Has a relatively fixed conversion time independent of V4 


SECTION 10-13 
DRILL QUESTION 


10-41. For each statement indicate what type(s) of ADC is (are) being described. 
(a) Uses a counter that is never reset to zero 
(b) Uses a large number of comparators 
(c) Uses a VCO 
(d) Used in noisy industrial environments 
(e) Uses a capacitor 
(f) Is relatively insensitive to temperature 
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SECTION 10-14 


10-42. 


4 10-43. 


10-44. 


A voltage V4 = 3.853 V is applied to the DVM of Figure 10-22. Assume 
that the counters are initially reset to zero and sketch the waveforms at 
Vax, COMP, Qi, Qo, and the AND gate output for fzwvo complete cycles. Use 
a 100-kHz clock and assume both one-shots have 4, = 1 us. 


Refer to the DVM circuit in Figure 10-22. Assume that the circuit works 
correctly for V4 values up to about 7.99 V. However, when V4 is increased 
above 8 V, the displays do not change from their previous reading, the 
staircase waveform at Vix steps up to only about 7.99 volts before jump- 
ing back down to zero, and COMP remains HIGH. What are some possi- 
ble causes for this malfunction? 


Add the necessary logic to the DVM of Figure 10-22 to turn on an over- 


scale LED whenever the analog input voltage exceeds 9.99 V. The LED 
should be turned off at the start of each new conversion. 


SECTIONS 10-15 AND 10-16 


10-45. 


wy 10-46. 


i, 


‘\ 


\W/, 


S 


\ 


Refer to the sample-and-hold circuit of Figure 10-24. What circuit fault 
would result in Vour looking exactly like V4? What fault would cause Vour 
to be stuck at zero? 


Use the CMOS 40106 IC (Section 8-17) to implement the switching in Figure 
10-25 and design the necessary control logic so that each analog input is 
converted to its digital equivalent in sequence. The ADC is a 10-bit succes- 
sive-approximation type using a 50-kHz clock signal and requires a 10-ys- 
duration start pulse to begin each conversion. The digital outputs are to 
remain stable for 100 ms after the conversion is complete before switch- 
ing to the next analog input. Choose an appropriate multiplexing clock 
frequency. 


MICROCOMPUTER APPLICATION 


10-47. 


Figure 10-20 shows how the ADC8004 is interfaced to a microcomputer. It 

shows three control signals, CS, RD, and WR, that come from the micro- 

computer to the ADC. These signals are used to start each new A/D con- 
version, and to read (transfer) the ADC data output into the microcom- 
puter over the data bus. 

Figure 10-33(a) shows how these signals may be generated from the 
microcomputer’s address decoding and control logic circuits. The micro- 
processor (MPU) in this microcomputer has a single R/W output that sig- 
nals whether the MPU is doing a read or a write operation. For a read op- 
eration, R/W = 1; for a write operation, R/W = 0. 

(a) The CS signal that activates the ADC0804 is developed from the eight 
high-order lines of the MPU address bus. Whenever the MPU wants 
to communicate with the ADC0804, it places the address of the 
ADC0804 onto the address bus and the decoding logic drives the CS 
signal LOW. 

Determine the address of the ADC0804. 

(b) Figure 10-33(b) shows the signals that occur when the MPU wants to 
command the ADC0804 to start a new A/D conversion. During time 
interval Av the MPU places the ADC0804’s address on the address bus, 
and makes R/W = 0 for a write operation. (Before and after this time 
interval, the MPU places different addresses on the address bus for 
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Figure 10-33 (a) MPU interfaced to the ADC0804 of Figure 10-19; (b) signals for MPU write operation; (c) 
signals for read operation. 


different operations it is performing.) During fw the decoding logic 
drives CS LOW as shown. The CS and R/W signals are combined in 
the control logic block to develop the WR signal as shown. This 
signal is sent to the ADC0804 to initiate a new conversion. 

Design the portion of the control logic that produces WR. 

(c) Figure 10-33(c) shows the signals when the MPU wants to perform a 
read operation on the ADC0804’s data outputs. The MPU places the 
ADC0804’s address on the address bus during interval f, and keeps 
R/W HIGH during this interval. Once again, the decoding logic drives 
CS LOW. The control logic combines CS and R/W to generate the RD 
signal as shown. This signal is sent to the ADC0804 to enable it to 
place its outputs on the data bus for transfer to the MPU. 

Design the control logic that produces RD. 


ANSWERS TO SECTION REVIEW QUESTIONS 


SECTION 10-1 


1. Converts a nonelectrical physical 
quantity to an electrical quantity 

2. Converts an analog voltage or current 
to a digital representation 3. Stores it; 
performs calculation or some other 
operation on it 4. Converts digital 
data to its analog representation 

5. Controls a physical variable according 
to an electrical input signal 


SECTION 10-2 

1. 40 wA;10.2mA 2. 5.12 mA 
3. 0.39 percent 4. 4096 

5. Twelve. 6. 8.73 V 7. True 


8. It produces a greater number of 
possible analog outputs between zero and 
full scale. 


SECTION 10-3 


1. It only uses two different sizes of 
resistors. 2. 640 kO 3. 0.5 V 
4. Increases by 20% 


SECTION 10-4 


1. Maximum deviation of DAC output 
from its ideal value, expressed as 
percentage of full scale 2. Time it 
takes DAC output to settle to within 1/2 
step size of its full-scale value when the 
digital input changes from zero to full 
scale 3. Offset error adds a small 
constant positive or negative value to the 
expected analog output for any digital 
input. 4. Because of the response 
time of the op-amp current-to-voltage 
converter 


SECTION 10-8 


1. Tells control logic when the DAC 
output exceeds the analog input 2. At 
outputs of register 3. Tells us when 
conversion is complete and digital 
equivalent of V4 is at register outputs 


SECTION 10-9 


1. The digital input to a DAC is 
incremented until the DAC staircase 
output exceeds the analog input. 

2. The built-in error caused by the fact 
that V4x does not continuously increase 
but goes up in steps equal to the DAC’s 
resolution. The final V4x can be different 
from V4 by as much as one step size. 

3. If V4 increases it will take more steps 
before V4x can reach the step that first 
exceeds V4. 4. True 5. Simple 
circuit; relatively long conversion time that 
changes with V4 6. 00100001112 = 
13510 for both cases 


SECTION 10-10 


1. Process of converting different points 
on an analog signal to digital and storing 
the digital data for later use Zz 
Computer generates START signal to begin 
an A/D conversion of the analog signal. 
When EOC goes LOW, it signals the 
computer that the conversion is complete. 
The computer then loads the ADC output 
into memory. The process is repeated for 
the next point on the analog signal. 
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SECTION 10-11 


1. The SAC has a shorter conversion time 
which doesn’t change with V4. om 
has more complex control logic. —__ 

3. False 4. (a) 8 (b) 0-5 V (c) CS 
controls the effect of the RD and WR 
signals, WR is used to start a new 
conversion, RD enables the output 
buffers. (d) When LOW it signals the end 
of a conversion. (e) It separates the 
usually noisy digital ground from the 
analog ground so as not to contaminate 
the analog input signal. 


SECTION 10-12 


1. True 2. 4095 comparators and 4096 
resistors 3. Major advantage is its 
conversion speed, disadvantage is the 
number of required circuit components 
for a practical resolution. 


SECTION 10-13 


1. It reduces conversion time by using an 
up/down counter that allows V4x to track 
V4 without starting from zero for each 
conversion. Zz. A VCO 

3. Advantages: low cost, temperature 
immunity; disadvantage: slow conversion 
time 4. Flash ADC, voltage-to- 
frequency ADC, and dual-slope ADC 


SECTION 10-14 


1. They hold for display the digital values 
present in the counters at the end of the 
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last conversion. 2. The PGT of OS1 
transfers the result of the conversion to 
the registers; the pulse at OS2 resets the 
counters to begin a new conversion cycle. 
3. Shorter and constant conversion time 


SECTION 10-15 


1. It takes a sample of an analog voltage 
signal and stores it on a capacitor. 

2. False; they are unity-gain buffers with 
high input impedance and low output 
impedance. 


SECTION 10-16 


1. Uses a single ADC 2. It would 
become a MOD-8 counter. 


SECTION 10-17 


1. Displayed waveform can be moved 
and manipulated; can display portions of 
the waveform occurring prior to the 
trigger; indefinite storage time 2. Ihe 
ADC digitizes the points on the input 
waveform for storage in memory; the 
vertical DAC converts the stored data 
points back to analog voltages to produce 
the vertical deflection of the electron 
beam, the horizontal DAC produces a 
staircase sweep voltage that provides the 
horizontal deflection of the electron beam. 


11-1 Memory Terminology 


11-2. General Memory Operation 
11-3. CPU-Memory Connections 
11-4 Read-Only Memories 

11-5 ROM Architecture 

11-6 ROM Timing 

11-7 Types of ROMs 

11-8 Flash Memory 

11-9 ROM Applications 

11-10 Programmable Logic Devices 
11-11 Semiconductor RAM 

11-12 RAM Architecture 


11-13 
11-14 
11-15 


11-16 
11-17 
11-18 


11-19 
11-20 
11-21 


Static RAM (SRAM) 
Dynamic RAM (DRAM) 


Dynamic RAM Structure and 
Operation 


DRAM Read/Write Cycles 
DRAM Refreshing 


Expanding Word Size and 
Capacity 


Special Memory Functions 
Troubleshooting RAM Systems 
Testing ROM 


OBJECTIVES — ee 


if 


Upon completion of this chapter, you will be able to: 
m Understand and correctly use the terminology associated with memory 
systems. 


m Describe the difference between read/write memory and _ read-only 
memory. 


m Discuss the difference between volatile and nonvolatile memory. 

m Determine the capacity of a memory device from its inputs and outputs. 

m Outline the steps that occur when the CPU reads from or writes to mem- 
Ory. 

m@ Distinguish among the various types of ROMs and cite some common 
applications. 


m Understand and describe the organization and operation of static and 
dynamic RAMs. 


m Describe the architecture of the basic types of programmable logic de- 
vices and determine the fuse pattern for a given set of logic functions. 


m™ Compare the relative advantages and disadvantages of EPROM, 
EEPROM, and flash memory. 


m= Combine memory ICs to form memory modules with larger word size 
and/or capacity. 


m Use the test results on a RAM or ROM system to determine possible 
faults in the memory system. 


INTRODUCTIO 


A major advantage of digital over analog systems is the ability to easily store large 
quantities of digital information and data for short or long periods. This memory 
capability is what makes digital systems so versatile and adaptable to many situa- 
tions. For example, in a digital computer the internal main memory stores instruc- 
tions that tell the computer what to do under a// possible circumstances so that the 
computer will do its job with a minimum amount of human intervention. 
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This chapter is devoted to a study of the most commonly used types of 
memory devices and systems. We have already become very familiar with the flip- 
flop, which is an electronic memory device. We have also seen how groups of FFs 
called registers can be used to store information and how this information can be 
transferred to other locations. FF registers are high-speed memory elements which 
are used extensively in the internal operations of a digital computer, where digital 
information is continually being moved from one location to another. Advances in 
LSI and VLSI technology have made it possible to obtain large numbers of FFs on 
a single chip arranged in various memory-array formats. These bipolar and MOS 
semiconductor memories are the fastest memory devices available, and their cost 
has been continuously decreasing as LSI technology improves. 

Digital data can also be stored as charges on capacitors, and a very important 
type of semiconductor memory uses this principle to obtain high-density storage at 
low power-requirement levels. 

Semiconductor memories are used as the internal memory of a computer 
(Figure 11-1), where fast operation is important. A computer’s internal memory— 
also called its main memory or working memory—is in constant communication 
with the central processing unit (CPU) as a program of instructions is being exe- 
cuted. A program and any data used by the program reside in the internal memory 
while the computer is working on that program. RAM and ROM (to be defined 
shortly) make up internal memory. 

Another form of storage in a computer is performed by auxiliary memory 
(Figure 11-1), which is separate from the internal working memory. Auxiliary 
memory—also called mass storage—has the capacity to store massive amounts of 
data without the need for electrical power. Auxiliary memory operates at a much 
slower speed than internal memory, and it stores programs and data that are not 
currently being used by the CPU. This information is transferred to the internal 


Figure 11-1. A computer system normally uses high-speed internal 
memory and slower external auxiliary memory. 
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memory when the computer needs it. Common auxiliary memory devices are mag- 
netic disk, magnetic tape, and semiconductor magnetic bubble memory (MBM), 
Semiconductor flash memory—with its higher speed, its lower power require- 
ments, smaller size, and nonmechanical operation—shows promise as a major 
competitor to disk memories. 

We will take a detailed look at the characteristics of the most common mem- 
ory devices used as the internal memory of a computer. First we define some of 
the common terms used in memory systems. 


11-1 MEMORY TERMINOLOGY 


The study of memory devices and systems is filled with terminology that can 
sometimes be overwhelming to a student. Before we get into any comprehensive 
discussion of memories, it would be helpful if you had the meaning of some of 
the more basic terms under your belt. Other new terms will be defined as they ap- 
pear in the chapter. 


Memory Cell A device or electrical circuit used to store a single bit (0 or 1). Ex- 
amples of memory cells include a flip-flop, a charged capacitor, and a single 
spot on magnetic tape or disk. 


Memory Word A group of bits (cells) in a memory that represents instructions 
or data of some type. For example, a register consisting of eight FFs can be 
considered to be a memory that is storing an 8-bit word. Word sizes in mod- 
ern computers typically range from 4 to 64 bits, depending on the size of the 
computer. 


Byte A special term used for a group of 8 bits. A byte always consists of 8 bits. 
Word sizes can be expressed in bytes as well as in bits. For example, a word 
size of 8 bits is also a word size of one byte; a word size of 16 bits is two 
bytes, and so on. 


Capacity A way of specifying how many bits can be stored in a particular mem- 
ory device or complete memory system. To illustrate, suppose that we have a 
memory which can store 4096 twenty-bit words. This represents a total ca- 
pacity of 81,920 bits. We could also express this memory’s capacity as 4096 
x 20. When expressed this way, the first number (4096) is the number of 
words and the second number (20) is the number of bits per word (word 
size). The number of words in a memory is often a multiple of 1024. It is 
common to use the designation “1K” to represent 1024 = 2!° when referring 
to memory capacity. Thus, a memory that has a storage capacity of 4K x 20 
is actually a 4096 X 20 memory. The development of larger memories has 
brought about the designation “1M” or “1 meg” to represent 27? = 1,048,576. 
Thus, a memory that has a capacity of 2M X 8 is actually one with a capac- 
ity Of 2,097,152 X 8. 


EXAMPLE ITI1-1A 


A certain semiconductor memory chip is specified as 2K X 8. How many words 
can be stored on this chip? What is the word size? How many total bits can this 
chip store? 
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Solution 
2K = 2 X 1024 = 2048 words 
Each word is 8 bits (one byte). The total number of bits is therefore 
2048 X 8 = 16,384 bits 


EXAMPLE 11-1B 


Which memory stores the most bits: a 5M X 8 memory, or a memory that stores 
1M words at a word size of 16 bits? 


Solution 
5M X 8 = 5 X 1,048,576 X 8 = 41,943,040 bits 
1M X 16 = 1,048,576 X 16 = 16,777,216 bits 
The 5M X 8 memory stores more bits. 


Density Another term for capacity. When we say that one memory device has a 
greater density than another, we mean that it can store more bits in the same 
amount of space. It is more dense. 


Address A number that identifies the location of a word in memory. Each word 
stored in a memory device or system has a unique address. Addresses are al- 
ways expressed as a binary number, although octal, hexadecimal, and deci- 
mal numbers are often used for convenience. Figure 11-2 illustrates a small 
memory consisting of eight words. Each of these eight words has a specific 
address represented as a 3-bit number ranging from 000 to 111. Whenever 
we refer to a specific word location in memory, we use its address code to 
identify it. 

Read Operation The operation whereby the binary word stored in a specific 
memory location (address) is sensed and then transferred to another device. 
For example, if we want to use word 4 of the memory of Figure 11-2 for 
some purpose, we have to perform a read operation on address 100. The 
read operation is often called a fetch operation, since a word is being fetched 
from memory. We will use both terms interchangeably. 


Write Operation The operation whereby a new word is placed into a particular 
memory location. It is also referred to as a store operation. Whenever a new 


Addresses Figure 11-2) = Each word location has a spe- 
cific binary address. 
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word is written into a memory location, it replaces the word that was previ- 
ously stored there. 


Access Time A measure of a memory device’s operating speed. It is the amount 
of time required to perform a read operation. More specifically, it is the time 
between the memory receiving a new address input, and the data becoming 
available at the memory output. The symbol facc is used for access time. 


Volatile Memory Any type of memory that requires the application of electrical 
power in order to store information. If the electrical power is removed, all in- 
formation stored in the memory will be lost. Many semiconductor memories 
are volatile, while all magnetic memories are nonvolatile, which means they 
can store information without electrical power. 


Random-Access Memory (RAM) Memory in which the actual physical location 
of a memory word has no effect on how long it takes to read from or write 
into that location. In other words, the access time is the same for any address 
in memory. Most semiconductor memories are RAMs. 


Sequential-Access Memory (SAM) _ A type of memory in which the access time 
is not constant, but varies depending on the address location. A particular 
stored word is found by sequencing through all address locations until the 
desired address is reached. This produces access times which are much 
longer than those of random-access memories. Examples of sequential-access 
memory devices include magnetic tape, disk, and magnetic bubble memory. 
To illustrate the difference between SAM and RAM, consider the situation 
where you have recorded 60 minutes of songs on an audio tape cassette. 
When you want to get to a particular song, you have to rewind or fast-for- 
ward the tape until you find it. The process is relatively slow, and the 
amount of time required depends on where on the tape the desired song is 
recorded. This is SAM, since you have to sequence through all intervening 
information until you find what you are looking for. The RAM counterpart to 
this would be a jukebox, where you can quickly select any song by punch- 
ing in the appropriate code and it takes the same time no matter what song 
you select. 


Read/Write Memory (RWM) Any memory that can be read from or written into 
with equal ease. 


Read-Only Memory (ROM) A broad class of semiconductor memories designed 
for applications where the ratio of read operations to write Operations is very 
high. Technically, a ROM can be written into (programmed) only once, and 
this operation is normally performed at the factory. Thereafter information 
can only be read from the memory. Other types of ROM are actually read- 
mostly memories (RMM), which can be written into more than once, but the 
write Operation is more complicated than the read operation and it is not 
performed very often. The various types of ROM will be discussed later. A// 
ROM is nonvolatile and will store data when electrical power is removed. 


Static Memory Devices Semiconductor memory devices in which the stored 
data will remain permanently stored as long as power is applied, without the 
need for periodically rewriting the data into memory. 


Dynamic Memory Devices Semiconductor memory devices in which the stored 
data will not remain permanently stored, even with power applied, unless 
the data are periodically rewritten into memory. The latter operation is called 
a refresh operation. 
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Internal Memory Also referred to as the computer’s main or working memory. 
It stores instructions and data the CPU is currently working on. It is the high- 
est-speed memory in the computer and is always a semiconductor memory. 

Auxiliary Memory Also referred to as mass storage because it stores massive 
amounts of information external to the internal memory. It is slower in speed 
than internal memory and is always nonvolatile. Magnetic tape and disk are 
common auxiliary memory devices. 


REVIEW QUESTIONS 


1. Define the following terms. 
(a) Memory cell 
(b) Memory word 
(c) Address 
(d) Byte 
(e) Access time 


2. A certain memory has a capacity of 8K X 16. How many bits are in each 
word? How many words are being stored? How many memory cells does 
this memory contain? 


3. Explain the difference between the read (fetch) and write (store) opera- 
tions. 

4. True or false: A volatile memory will lose its stored data when electrical 
power is interrupted. 

5. Explain the difference between SAM and RAM. 

6. Explain the difference between RWM and ROM. 


7. True or false: A dynamic memory will hold its data as long as electrical 
power is applied. 


11-2 GENERAL MEMORY OPERATION 


Although each type of memory is different in its internal operation, certain basic 
operating principles are the same for all memory systems. An understanding of 
these basic ideas will help in our study of individual memory devices. 

Every memory system requires several different types of input and output 
lines to perform the following functions: 


1. Select the address in memory that is being accessed for a read or write oper- 
ation. 


Select either a read or a write operation to be performed. 
Supply the input data to be stored in memory during a write Operation. 


Hold the output data coming from memory during a read operation. 


eS 


Enable (or disable) the memory so that it will (or will not) respond to the ad- 
dress inputs and read/write command. 
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Figure 11-3(a) illustrates these basic functions in a simplified diagram of a 
32 X 4 memory that stores thirty-two 4-bit words. Since the word size is 4 bits, 
there are four data input lines 4 to & and four data output lines Op to O3. During a 
write operation the data to be stored into memory have to be applied to the data 
input lines. During a read operation the word being read from memory appears at 
the data output lines. 


Address Inputs Since this memory stores 32 words, it has 32 different stor- 
age locations and therefore 32 different binary addresses ranging from 00000 to 
11111 (© to 31 in decimal). Thus there are five address inputs, Aj to Ay. To access 
one of the memory locations for a read or write operation, the 5-bit address code 
for that particular location is applied to the address inputs. In general, N address 
inputs are required for a memory that has a capacity of 2’ words. 

We can visualize the memory of Figure 11-3(a) as an arrangement of 32 reg- 
isters, with each register holding a 4-bit word as illustrated in Figure 11-3(b). Each 
address location is shown containing four memory cells that hold 1s and Os that 
make up the data word stored at that location. For example, the data word 0110 is 
stored at address 00000, the data word 1001 is stored at address 00001, and so on. 


The R/W Input — This input controls which memory operation is to take 
place: read (R) or write (W). The input is labeled R/W; since there is no bar over 
the R, this indicates that the read operation occurs when R/W = 1. The bar over 
the W indicates that the write operation takes place when R/W = 0. There are 
other labels that are often used for this input. Two of the more common ones are 
W (write) and WE (write enable). Again, the bar indicates that the write operation 
occurs when the input is LOW. It is understood that the read operation occurs for 
a HIGH. 

A simplified illustration of the read and write operations is shown in Figure 
11-4. Part (a) shows the data word 0100 being written into the memory register at 


Figure 11-3. (a) Diagram of a 32 X 4 memory: (b) virtual arrangement of 
memory cells into thirty-two 4-bit words. 
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Addresses 


(a) WRITING the data (b) READING the data 
word 0100 into word 1101 from 
memory location 00011. memory location 11110. 


Figure 11-4 Simplified illustration of the read and write operations on the 
32 X 4 memory: (a) writing the data word 0100 into memory location 00011; 
(b) reading the data word 1101 from memory location 11110. 


address location 00011. This data word would have been applied to the memory’s 
data input lines, and replaces the data previously stored at address 00011. Part (b) 
shows the data word 1101 being read from address 11110. This data would appear 
at the memory’s data output lines. After the read operation, the data word 1101 is 
still stored in address 11110. In other words, the read operation does not change 
the stored data. 


Memory Enable — Many memory systems have some means for completely 
disabling all or part of the memory so that it will not respond to the other inputs. 
This is represented in Figure 11-3 as the MEMORY ENABLE input, although it can 
have different names in the various memory systems. Here it is shown as an ac- 
tive-HIGH input that enables the memory to operate normally when it is kept 
HIGH. A LOW on this input disables the memory so that it will not respond to the 
address and R/W inputs. This type of input is useful when several memory mod- 
ules are combined to form a larger memory. We will examine this idea later. 


EXAMPLE 11-2 


Describe the conditions at each input and output when the contents of address lo- 
cation 00100 are to be read. 


solution 


Address inputs: 00100 

Data inputs: Xxxx (not used) 
R/W: HIGH 

MEMORY ENABLE: HIGH 
Data outputs: OOO1 
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EXAMPLE 11-3 


Describe the conditions at each input and output when the data word 1110 is to 
be written into address location 01101. 


Solution 


Address inputs: 01101 

Data inputs: 1110 

R/W: LOW 

MEMORY ENABLE: HIGH 

Data outputs: xxxx (not used; usually Hi-Z) 


EXAMPLE 11-4 


A certain memory has a capacity of 4K X 8. 


(a) How many data input and data output lines does it have? 
(b) How many address lines does it have? 
(c) What is its capacity in bytes? 


Solution 


(a) Eight of each, since the word size is eight. 

(b) The memory stores 4K = 4 X 1024 = 4096 words. Thus, there are 4096 
memory addresses. Since 4096 = 2', it requires a 12-bit address code to 
specify one of 4096 addresses. 

(c) A byte is 8 bits. This memory has a capacity of 4096 bytes. 


The example memory in Figure 11-3 illustrates the important input and out- 
put functions common to most memory systems. Of course, each type of memory 
may have other input and output lines that are peculiar to that memory. These will 
be described as we discuss the individual memory types. 


REVIEW OUESTIONS 


1. How many address inane data Bus and ce. eaiputs are required for 
a 16K x 12 memory? _ 

2. What i is the function of the R/W ine 

3. What is the function of the MEMORY ENABLE input? 


11-3  GCPU-MEMORY CONNECTIONS 


A major part of this chapter is devoted to semiconductor memory, which, as 
pointed out earlier, makes up the internal memory of most modern computers. Re- 
member, this internal memory is in constant communication with the CPU (central 
processing unit). It is not necessary to be familiar with the detailed operation of a 
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CPU at this point, and so the following simplified treatment of the CPU-memory 
interface will provide the perspective needed to make our study of memory de- 
vices more meaningful. 

A computer’s internal memory is made up of RAM and ROM ICs that are in- 
terfaced to the CPU over three groups of signal lines or buses. These are shown in 
Figure 11-5 as the address lines or address bus, data lines or data bus, and the 
control lines or control bus. Each of these buses consists of several lines (note 
how they are represented by a single line with a slash), and the number of lines in 
each bus will vary from one computer to the next. The three buses play a neces- 
sary part in allowing the CPU to write data into memory and to read data from 
memory. 

When a computer is executing a program of instructions, the CPU continually 
fetches (reads) information from those locations in memory that contain (1) the 
program codes representing the operations to be performed and (2) the data to be 
operated upon. The CPU will also store (write) data into memory locations as dic- 
tated by the program instructions. Whenever the CPU wants to write data to a par- 
ticular memory location, the following steps must occur: 


WRITE OPERATION 


1. The CPU supplies the binary address of the memory location where the data 
are to be stored. It places this address on the address bus lines. 
2. The CPU places the data to be stored on the data bus lines. 


3. The CPU activates the appropriate control signal lines for the memory write 
operation. 


4. The memory ICs decode the binary address to determine which location is 
being selected for the store operation. 


5. The data on the data bus are transferred to the selected memory location. 
Whenever the CPU wants to read data from a specific memory location, the 
following steps must occur: 
READ OPERATION 


1. The CPU supplies the binary address of the memory location from which 
data are to be retrieved. It places this address on the address bus lines. 


2. The CPU activates the appropriate control signal lines for the memory read 
operation. 


Figure 11-5 Three groups of lines (buses) connect the internal memory ICs to 
dp ae OH a OE 


Address bus 


Control bus 
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3. The memory ICs decode the binary address to determine which location is 
being selected for the read operation. 


4. The memory ICs place data from the selected memory location on to the 
data bus, from where they are transferred to the CPU. 


The steps above should make clear the function of each of the system buses: 


Address Bus This is a unidirectional bus that carries the binary address outputs 
from the CPU to the memory ICs to select one memory location. 


Data Bus This is a bidirectional bus that carries data between the CPU and the 
memory ICs. 

Control Bus This bus carries control signals (such as the R/W signal) from the 
CPU to the memory ICs. 


As we get into discussions of actual memory ICs, we will examine the signal 
activity that appears on these buses for the read and write operations. 


REVIEW QUESTIONS 


1. Name the three soe of lines that connect the CPU and internal mem- _ 
or 
2 Outline the steps that take ee when the CPU ce from memory 


Ss Outline the steps that occur, when the CPU writes to mer mi ry 


11-4 READ-ONLY MEMORIES 


The read-only memory is a type of semiconductor memory that is designed to 
hold data that either are permanent or will not change frequently. During normal 
operation, no new data can be written into a ROM but data can be read from 
ROM. For some ROMs the data that are stored have to be built in during the man- 
ufacturing process; for other ROMs the data can be entered electrically. The 
process of entering data is called programming or burning in the ROM. Some 
ROMs cannot have their data changed once they have been programmed; others 
can be erased and reprogrammed as often as desired. We will take a detailed look 
later at these various types of ROMs. For now, we will assume that the ROMs have 
been programmed and are holding data. 

ROMs are used to store data and information that are not to change during 
the normal operation of a system. A major use for ROMs is in the storage of pro- 
grams in microcomputers. Since all ROMs are nonvolatile, these programs are not 
lost when electrical power is turned off. When the microcomputer is turned on, it 
can immediately begin executing the program stored in ROM. ROMs are also used 
for program and data storage in microprocessor-controlled equipment such as 
electronic cash registers, appliances, and security systems. 


ROM Block Diagram A typical block diagram for a ROM is shown in Fig- 
ure 11-6(a). It has three sets of signals: address inputs, control input(s), and data 
outputs. From our previous discussions we can determine that this ROM is storing 
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Figure 11-6 (a) Typical ROM block symbol, (b) table showing binary data at each address location; 


(c) same table in hex. 


16 words, since it has 2* = 16 possible addresses, and each word contains 8 bits, 
since there are eight data outputs. Thus, this is a 16 X 8 ROM. Another way to de- 
scribe this ROM’s capacity is to say that it stores 16 bytes of data. 

The data outputs of most ROM ICs are tristate outputs to permit the connec- 
tion of many ROM chips to the same data bus for memory expansion. The most 
common numbers of data outputs for ROMs are 4, 8, and 16 bits, with 8-bit words 
being the most common. 

The control input CS stands for chip select. This is essentially an enable 
input that enables or disables the ROM outputs. Some manufacturers use different 
labels for the control input, such as CE (chip enable) or OF (output enable). Many 
ROMs have two or more control inputs that have to be active in order to enable 
the data outputs so that data can be read from the selected address. In some ROM 
ICs, one of the control inputs (usually the CE) is used to place the ROM in a low- 
power standby mode when it is not being used. This reduces the current drain 
from the system power supply. 

The CS input shown in Figure 11-6(a) is active-LOW; therefore it must be in 
the LOW state to enable the ROM data to appear at the data outputs. Notice that 
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there is no R/W (read/write) input, because the ROM cannot be written into dur- 
ing normal operation. 


The Read Operation __Let’s assume that the ROM has been programmed 
with the data shown in the table of Figure 11-6(b). Sixteen different data words are 
stored at the 16 different address locations. For example, the data word stored at 
location 0011 is 10101111. Of course, the data are stored in binary inside the ROM, 
but very often we use hexadecimal notation to efficiently show the programmed 
data. This is done in Figure 11-6(c). 

In order to read a data word from ROM, we need to do two things: apply the 
appropriate address inputs, and then activate the control inputs. For example, if 
we want to read the data stored at location 0111 of the ROM in Figure 11-6, we 
have to apply A3A2A;Ao = 0111 to the address inputs, and then apply a LOW to 
CS. The address inputs will be decoded inside the ROM to select the correct data 
word, 11101101, that will appear at outputs D7 to Dy. If CS is kept HIGH, the ROM 
outputs will be disabled and will be in the Hi-Z state. 


REVIEW QUESTIONS 


1. True or false: All ROMs are nonvolatile. 
2. Describe the procedure for reading from ROM. 
3. What is programming or burning in a ROM? 


11-5 ROM ARCHITECTURE 


The internal architecture (structure) of a ROM IC is very complex, and we need 
not be familiar with all its detail. It is instructive, however, to look at a simplified 
diagram of the internal architecture, such as that shown in Figure 11-7 for the 
16 X 8 ROM. There are four basic parts: register array, row decoder, column de- 
coder, output buffers. 


Register Array — The register array stores the data that have been pro- 
grammed into the ROM. Each register contains a number of memory cells equal to 
the word size. In this case, each register stores an 8-bit word. The registers are 
arranged in a square matrix array that is common to many semiconductor memory 
chips. We can specify the position of each register as being in a specific row and 
specific column. For example, register 0 is in row 0, column 0, and register 9 is in 
row 1, column 2. 

The eight data outputs of each register are connected to an internal data bus 
that runs through the entire circuit. Each register has two enable inputs CZ); both 
have to be HIGH in order for the register’s data to be placed on the bus. 


Address Decoders — The applied address code A3A2A);Ap determines which 
register in the array will be enabled to place its 8-bit data word onto the bus. Ad- 
dress bits A,Ao are fed to a 1-of-4 decoder which activates one row-select line, and 
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Figure 11-7 Architecture of 16 X 8 ROM. 


address bits A3;A2 are fed to a second 1-of-4 decoder which activates one column- 
select line. Only one register will be in both the row and the column selected by 
the address inputs, and this one will be enabled. 


EXAMPLE 11-5 


Which register will be enabled by input address 1101? 


Solution 


A3Az = 11 will cause the column decoder to activate the column 3 select line, and 
A, Ay = 01 will cause the row decoder to activate the row 1 select line. This will 
place HIGHs at both enable inputs of register 13, thereby causing its data outputs 
to be placed on the bus. Note that the other registers in column 3 will have only 
one enable input activated; likewise for the other row 1 registers. 
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EXAMPLE 11-6 


What input address will enable register 7? 


solution 


The enable inputs of this register are connected to the row 3 and column 1 select 
lines, respectively. To select row 3, the A; Ao inputs have to be at 11, and to select 
column 1, the A3Az inputs have to be at 01. Thus, the required address will be 
Az A2A} Ao = 0111. 


Output Buffers — The register that is enabled by the address inputs will 
place its data on the data bus. These data feed into the output buffers, which will 
pass the data to the external data outputs, provided that CS is LOW. If CS is 
HIGH, the output buffers are in the Hi-Z state, and D7 through Dp will be floating. 

The architecture shown in Figure 11-7 is similar to that of many IC ROMs. 
Depending on the number of stored data words, the registers in some ROMs will 
not be arranged in a square array. For example, the Intel 2708 is a MOS ROM that 
stores 1024 eight-bit words. Its 1024 registers are arranged in a 64-by-16 array. 
Typically, ROM capacities range from 32 X 8 to 512K X 8. 


EXAMPLE 11-7 


Describe the internal architecture of a ROM that stores 4K bytes and uses a square 
register array. 


Solution 


4K is actually 4 X 1024 = 4096, and so this ROM holds 4096 eight-bit words. Each 
word can be thought of as being stored in an 8-bit register, and there are 4096 reg- 
isters connected to a common data bus internal to the chip. Since 4096 = 647, the 
registers are arranged in a 64-by-64 array; that is, there are 64 rows and 64 
columns. This requires a 1-of-64 decoder to decode six address inputs for the row 
select, and a second 1-of-64 decoder to decode six other address inputs for the 
column select. Thus, a total of 12 address inputs is required. This makes sense, 
since 2'* = 4096, and there are 4096 different addresses. 


REVIEW QUESTIONS 


1. What input address code is required if we want to read the data from reg- 
ister 9 in Figure 11-77 


2. Describe the function of the row-select decoder, column-select decoder, 
and output buffers in the ROM architecture. 


11-6 ROM TIMING 


There will be a propagation delay between the application of a ROM’s inputs and 
the appearance of the data outputs during a read operation. This time delay, called 
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access time, /,cc, is a measure of the ROM’s operating speed. Access time is de- 
scribed graphically by the waveforms in Figure 11-8. 

The top waveform represents the address inputs, the middle waveform is an 
active-LOW chip select, CS, and the bottom waveform represents the data outputs. 
At time f the address inputs are all at some specific level, some HIGH and some 
LOW. CS is HIGH, so that the ROM data outputs are in their Hi-Z state (repre- 
sented by hatched line). 

Just prior to 4, the address inputs are changing to a new address for a new 
read operation. At 4 the new address is valid; that is, each address input is at a 
valid logic level. At this point the internal ROM circuitry begins to decode the new 
address inputs to select the register which is to send its data to the output buffers. 
At b the CS input is activated to enable the output buffers. Finally, at 6, the out- 
puts change from the Hi-Z state to the valid data that represent the data stored at 
the specified address. 

The time delay between 4, when the new address becomes valid, and &, 
when the data outputs become valid, is the access time facc. Typical bipolar ROMs 
will have access times in the range 30 to 90 ns; NMOS devices will range from 
35 ns to 500 ns. 

Another important timing parameter is the output enable time, tor, which is 
the delay between the CS input and the valid data output. Typical values of for are 
10 to 20 ns for bipolar ROMs and 25 to 100 ns for MOS. This timing parameter is 
important in situations where the address inputs are already set to their new val- 
ues, but the ROM outputs have not yet been enabled. When CS goes LOW to en- 
able the outputs, the delay will be for. 
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Figure 11-8 Typical timing for a ROM read operation. 


11-7 TYPES OF ROMs 


Now that we have a general understanding of the internal architecture and exter- 
nal operation of ROM devices, we will look at the various types of ROMs to see 
how they differ in the way they are programmed, erased, and reprogrammed. 
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Mask-Programmed ROM The mask-programmed ROM has its storage lo- 
cations written into (programmed) by the manufacturer according to the cus- 
tomer’s specifications. A photographic negative called a mask is used to control 
the electrical interconnections on the chip. A special mask is required for each dif- 
ferent set of information to be stored in the ROM. Since these masks are expen- 
sive, this type of ROM is economical only if you need a very large quantity of the 
same ROM. Some ROMs of this type are available as off-the-shelf devices prepro- 
grammed with commonly used information or data such as certain mathematical 
tables and character generator codes for CRT displays. A major disadvantage of 
this type of ROM is that it cannot be reprogrammed in the event of a design 
change requiring a modification of the stored data. The ROM would have to be re- 
placed by a new one with the desired data written into it. Several types of user- 
programmable ROMs have been developed to overcome this disadvantage. Mask- 
programmed ROMs, however, still represent the most economical approach when 
a large quantity of identically programmed ROMs are needed. 

Mask-programmed ROMs are commonly referred to as just ROMs, but this 
can be confusing since the term ROM actually represents the broad category of de- 
vices that, during normal operation, are only read from. We will use the acronym 
MROM whenever we refer to mask-programmed ROMs. 

Figure 11-9 shows the structure of a small bipolar MROM. It consists of 16 
memory cells arranged in four rows of four cells. Each cell is an NPN bipolar tran- 
sistor connected in the common-collector configuration (input at base, output at 
emitter). The top row of cells (ROW 0) constitutes a 4-bit register. Note how some 
of the transistors (Qo and Q2) have their bases connected to the ROW O enable 
line, while others (Q; and Q3) do not. The same is true of the cells in each of the 
other rows. The presence or absence of these base connections determines 
whether a cell is storing a 1 or 0, respectively. The condition of each base connec- 
tion is controlled during production by the photographic mask based on the cus- 
tomer supplied data. 

Note that cells that are in corresponding positions in each row (register) have 
their emitters connected to a common output. For instance, the emitters of Qo, Ox, 
Qs, and Qi2 are connected together as data output D3. As we shall see, this will 
present no problem because only one row of cells will be activated at one time. 

The 1-of-4 decoder is used to decode the address inputs A;Ao to select which 
row (register) is to have its data read. The decoder’s active-HIGH outputs provide 
the ROW enable lines that are the base inputs for the various rows of cells. If the 
decoder’s enable input, EV, is held HIGH, all of the decoder outputs will be in 
their inactive-LOW state, and all of the transistors in the array will be off because 
of the absence of any base voltage. For this situation, the data outputs will all be 
in the LOW state. 

When EN is in its active-LOW state, the conditions at the address inputs de- 
termine which row (register) will be enabled so that its data can be read at the 
data outputs. For example, to read ROW 0, the AjAo inputs are set to 00. This 
places a HIGH at the ROW 0 line; all other row lines are at 0 V. This HIGH at 
ROW 0 turns on transistors Qo and Q2, but not OQ; and Q3. With Qo and Q»2 con- 
ducting, the data outputs D3; and D; will be HIGH; outputs D2 and Dp are still 
LOW. In a similar manner, application of the other address codes will produce 
data outputs from the corresponding register. The table in Figure 11-9 shows the 
data for each address. You should verify how this correlates with the base connec- 
tions to the various cells. 
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EXAMPLE 11-8 


MROMs can be used to store tables of mathematical functions. Show how the 
MROM in Figure 11-9 can be used to store the function y = x* + 3, where the 
input address supplies the value for x, and the value of the output data is y. 


Solution 


The first step is to set up a table showing the desired output for each set of inputs. 
The input binary number, .x, is represented by the address A,Ao. The output binary 
number is the desired value of y. For example, when x = A,Ap = 102 = 210, the 
output should be 2* + 3 = 7i9 = 01112. The complete table is shown in Table 
11-1. This table is supplied to the MROM manufacturer for developing the mask 
that will make the appropriate connections to the bases of the memory cells during 
the fabrication process. For instance, the first row in the table indicates that the 
connections to the bases of Qo and Q; will be left unconnected, while the connections 
to Q2 and Qs will be made. 


Table 11-1 


Bipolar MROMs are available in several low capacities. One of the more pop- 
ular ones is the 74187. It is organized as a 256 X 4 memory, and has an access 
time of 40 ns. Its outputs are open-collector types which require external pull-up 
resistors. Another bipolar ROM is the 7488A, which has a capacity of 32 X 8 and 
an access time of 45 ns. 

MOS MROMs have an internal structure similar to Figure 11-9 except that the 
cells are MOSFETs rather than bipolar transistors. The TMS47256 is an NMOS ver- 
sion that has a capacity of 32K X 8. Its symbol is shown in Figure 11-10. Note that 
it has tristate outputs to permit easy interfacing to a computer data bus. In addition 
to the 14 address inputs, it has two enable inputs, F and S. Both of these have to 
be LOW to enable the MROM outputs. The £ input also performs a power-down 
function. When E is kept HIGH, the chip’s internal circuitry is put into a low- 
power standby state where it draws about one-fourth of the normal supply cur- 
rent. The TMS472506 has an access time of 200 ns and a standby power of 82.5 
mW. The CMOS version, the TMS47C256, has an access time of 150 ns and a 
standby power of only 2.8 mW. 


Programmable ROMs (PROMs) A mask-programmable ROM is very 
expensive and would not be used except in high-volume applications, where the 
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cost would be spread out over many units. For lower-volume applications, manu- 
facturers have developed fusible-link PROMs that are user-programmable; that is, 
they are not programmed during the manufacturing process but are custom-pro- 
grammed by the user. Once programmed, however, a PROM is like an MROM in 
that it cannot be erased and reprogrammed. Thus, if the program in the PROM is 
faulty or has to be changed, the PROM has to be thrown away. For this reason, 
these devices are often referred to as “one time programmable” ROMs. 

The fusible-link PROM structure is very similar to the MROM in that certain 
connections either are left intact or are opened in order to program a memory cell as 
a 1 or 0, respectively. In the MROM of Figure 11-9 these connections were from the 
enable lines to the transistor bases. In a PROM each of these connections is made 
with a thin fuse link that comes intact from the manufacturer (see Figure 11-11). 

The user can selectively blow any of these fuse links to produce the desired 
stored memory data. Typically, data is programmed or “burned” into an address 
location by: applying the address to the address inputs, placing the desired data at 
the data pins, and then applying a high-voltage pulse (10-30 V) to a special pro- 
gramming pin on the IC. This causes a large current to flow through each selected 
fuse link, burning it open and permanently storing a logic O in that cell. Once all 
address locations have been programmed in this manner, the data are permanently 
stored in the PROM and can be read over and over again by accessing the appro- 
priate address. The data will not change when power is removed from the PROM 
chip, because nothing will cause an open fuse link to become closed again. 

The process of programming a PROM and verifying that the stored data are 
correct is rarely done manually; rather, it is done automatically by a special appa- 
ratus called a PROM programmer. Typically, the PROM chip is plugged into a 
socket on the PROM programmer. The programmer circuitry selects each address 
of the PROM, burns in the correct data at that address, verifies the data, and se- 
quences to the next address to repeat the process. The data to be burned into the 
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Figure 11-11 PROMs use fusible links that can be selec- 
tively blown open by the user to program a logic 0 into a 
cell. 


PROM are input to the programmer from a keyboard, from a disk drive, or trans- 
ferred from a computer. The latter operation, called downloading, allows the user 
to develop and test the program/data on a computer and then, when it is finished 
and working, transfer it from the computer’s memory to the PROM programmer, 
which will “burn it” into the PROM. 

A popular bipolar PROM IC is the 74186, which is organized as sixty-four 8- 
bit words and has a typical access time of 50 ns. Another one is the TBP28S166, 
which is a 2K X 8 chip. MOS PROMs are available with much greater capacities 
than bipolar devices. The TMS27PC256 is a CMOS PROM with a capacity of 32K X 
8 and a standby power dissipation of only 1.4 mW. It is available with maximum 
access times ranging from 120 to 250 ns. 


Erasable Programmable ROM (EPROM) — An EPROM can be pro- 
grammed by the user and it can also be erased and reprogrammed as often as de- 
sired. Once programmed, the EPROM is a nonvolatile memory that will hold its 
stored data indefinitely. The process for programming an EPROM involves the ap- 
plication of special voltage levels (typically in the 10- to 25-V range) to the appro- 
priate chip inputs for a specified amount of time (typically 50 ms per address loca- 
tion). The programming process is usually performed by a special programming 
circuit that is separate from the circuit in which the EPROM will eventually be 
working. The complete programming process can take up to several minutes for 
one EPROM chip. 

The storage cells in an EPROM are MOS transistors with a silicon gate that 
has no electrical connections (i.e., a floating gate). In its normal state, each transis- 
tor is off and each cell is storing a logic 1. A transistor can be turned on by the ap- 
plication of a high-voltage programming pulse that injects high-energy electrons 
into the floating-gate region. These electrons remain trapped in this region once 
the pulse is terminated, since there is no discharge path. This keeps the transistor 
on permanently even when power is removed from the device, and the cell is 
now storing a logic 0. During the programming process, the EPROM’s address and 
data pins are used to select which memory cells will be programmed as Os, and 
which ones will be left as 1s. 


CHAPTER 11 / MEMORY DEVICES 


Once an EPROM cell has been programmed, it can be erased by exposing it 
to ultraviolet (UV) light applied through a window on the chip package. The UV 
light produces a photocurrent from the floating gate back to the silicon substrate, 
thereby removing the stored charges, turning the transistor off, and restoring the 
cell to the logic 1 state. This erasing process typically requires 15 to 20 minutes of 
exposure to UV rays. Unfortunately, there is no way to erase only selected cells; 
the UV light erases all cells at the same time so that an erased EPROM stores all 1s. 
Once erased, the EPROM can be reprogrammed. 

EPROMs are available in a wide range of capacities and access times; devices 
with a capacity of 128K X 8 and an access time of 45 ns are commonplace. The 
Intel 2732 is an example of a typical EPROM. The 2732 is a 4K XK 8 NMOS EPROM 
that operates from a single +5 V power source during normal operation. Figure 
11-12(a) is the logic symbol for the 2732. Note that it shows 12 address inputs, 
since 2'* = 4096, and 8 data outputs. It has two control inputs. CE is the chip en- 
able input that is used to place the device in a standby mode where its power 
consumption is reduced. OE/Vpp is a dual-purpose input whose function will 


Figure 11-12 (a) Logic symbol for 2732 EPROM; (b) typical EPROM package showing ultraviolet window; 
(c) 2732 operating modes. 
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depend on the device operating mode. OE is the output enable and is used to 
control the device’s data output buffers so that the device can be connected to a 
microprocessor data bus without bus contention. Vpp is the special programming 
voltage required during the programming process. 

The 2732 package in Figure 11-12(b) shows the pace “window,” 
which allows the internal circuitry to be exposed to UV light when the complete 
memory contents is to be erased. A sticker is placed over the window after erasure 
and reprogramming to protect against accidental erasure from ambient light. 

The 2732 has several operating modes that are controlled by the CE and 
OE/Vpp pins as presented in Figure 11-12(c). The program mode is used to write 
new data into the EPROM cells. This is most often done on a “clean” EPROM, one 
that has previously been erased with UV light so that all cells are 1s. The program- 
ming process writes one 8-bit word into one address location at one time as fol- 
lows: (1) the address is applied to the address pins; (2) the desired data are placed 
at the data pins, which function as inputs during the programming process; (3) a 
high voltage, nominally 21 V, is applied to Vpp; and (4) CE is pulsed LOW, typi- 
cally for 50 ms. This process is repeated for all memory locations. If done manu- 
ally, this can take several hours. Usually, however, it is done automatically with a 
commercial EPROM programmer much like the PROM programmers described 
above. A clean EPROM can be programmed in a few minutes once the desired 
data have been entered, transferred, or downloaded into the EPROM programmer. 

The Intel 27C512 is a 64K X 8 EPROM that can be programmed much more 
rapidly than the 2732. The 27C512 requires a CE pulse of only 100 ps to write a 
single byte, as compared to 50 ms for the 2732; this translates into a total chip pro- 
gramming time of 8 to 10 s. The 27C512, like all EPROMs, is erased by exposure to 
UV light for up to 15 to 20 min. 

EPROMs were originally intended for use in research and development appli- 
cations where the need to alter the stored program several times is very common. 
As they became more reliable and less expensive, they became attractive for inclu- 
sion in low- and medium-volume products and systems. Today, millions of 
EPROMs are still in use. However, they have several major drawbacks that have 
been overcome by the newer EEPROMs and flash memory devices, so EPROMs 
are not being used in many new applications and designs. These drawbacks in- 
clude: (1) they have to be removed from their circuit to be erased and repro- 
grammed; (2) the erase operation erases the entire chip—there is no way to select 
only certain addresses to be erased, (3) the erase and reprogramming process can 
typically take 20 min or more. 


Electrically Erasable PROM (EEPROM) — The disadvantages of the 
EPROM were overcome by the development of the electrically erasable PROM 
(EEPROM) as an improvement over the EPROM. The EEPROM retains the same 
floating-gate structure as the EPROM, but with the addition of a very thin oxide re- 
gion above the drain of the MOSFET memory cell. This modification produces the 
EEPROM’s major characteristic—its electrical erasability. By applying a high voltage 
(21 V) between the MOSFET’s gate and drain, a charge can be induced onto the 
floating gate, where it will remain even when power is removed; reversal of the 
same voltage causes a removal of the trapped charges from the floating gate and 
erases the cell. Since this charge-transport mechanism requires very low currents, 
the erasing and programming of an EEPROM can be done in circuit (.e., without 
a UV light source and special PROM programmer unit). 
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Another advantage of the EEPROM over the EPROM is the ability to electri- 
cally erase and rewrite individual bytes (8-bit words) in the memory array. During 
a write operation, internal circuitry automatically erases all the cells at an address 
location prior to writing in the new data. This byte erasability makes it much easier 
to make changes in the data stored in an EEPROM. Additionally, an EEPROM can 
be programmed more rapidly than many EPROMs; typically, it takes 5 ms to write 
into an EEPROM location, compared to 50 ms for an EPROM, though newer 
EPROMs are much faster (100 ps). 

The early EEPROMs, such as Intel’s 2816, required appropriate support cir- 
cuitry external to the memory chips. This support circuitry included the 21-V pro- 
gramming voltage (Vpp), usually generated from a +5-V supply through a dc-to-de 
converter, and circuitry to control the timing and sequencing of the erase and pro- 
gramming operations. The newer devices, such as the Intel 2864, have integrated 
this support circuitry onto the same chip with the memory array, so that it requires 
only a single 5-V power pin. This makes the EEPROM as easy to use as the 
read/write memory we will be discussing shortly. 

The byte erasability of the EEPROM and its high level of integration come 
with two penalties: density and cost. The memory cell complexity and the on-chip 
support circuitry place EEPROMs far behind an EPROM in bit capacity per square 
millimeter of silicon; a 1-Mbit EEPROM requires about twice as much silicon as a 
1-Mbit EPROM. So, despite its operational superiority, the EEPROM’s shortcomings 
in density and cost-effectiveness have kept it from replacing the EPROM in appli- 
cations where density and cost are paramount factors. 

The logic symbol for the Intel 2864 is shown in Figure 11-13(a). It is orga- 
nized as an 8K X 8 array with 13 address inputs (2'° = 8192) and eight data I/O 
pins. Three control inputs determine the operating mode according to the table 
given in Figure 11-13(b). With CE = HIGH the chip is in its low-power standby 
mode, in which no operations are being performed on any memory location and 
the data pins are in the Hi-Z state. 

To read the contents of a memory location, the desired address is applied to 
the address pins, CE is driven LOW, and the output enable pin, OE£, is driven LOW 
to enable the chip’s output data buffers. The write enable pin, WH, is held HIGH 
during a read operation. 

To write into (program) a memory location, the output buffers are disabled 
so that the data to be written can be applied as inputs to the I/O pins. The timing 
for the write operation is diagrammed in Figure 11-13(c). Prior to tf, the device is 
in the standby mode. A new address is applied at that time. At # the CE and WE 
inputs are driven LOW to begin the write operation; OE is HIGH so that the data 
pins will remain in the Hi-Z state. Data are applied to the I/O pins at 4 and written 
into the address location on the rising edge of WE at &. The data are removed at 
fs. Actually, the data are first latched (on the rising edge of WE) into a FF buffer 
memory that is part of the 2864 circuitry. The data are held there while other cir- 
cuitry on the chip performs an erase operation on the selected address location in 
the EEPROM array, after which the data byte is transferred from the buffer to the 
EEPROM array and stored at that location. This erase and store operation typically 
takes 5 ms. With CE returned HIGH at t; the chip is back in the standby mode 
while the internal erase and store operations are completed. 

The 2804 has an enhanced write mode that allows the user to write up to 16 
bytes of data into the FF buffer memory, where it is held while the EEPROM circuit- 
ry erases the selected address locations. The 16 bytes of data are then transferred to 
the EEPROM array for storage at these locations. This process also takes about 5 ms. 
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Figure 11-13. (a) Symbol for 2864 EEPROM; (b) operating modes; (c) timing for write operation. 
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REVIEW QUESTIONS 


1. True or false: An MROM can be programmed by the user. 


How does a PROM differ from an MROM? Can it be erased and repro- 
grammed? 


3. True or false: PROMs are available in both bipolar and MOS versions. 
4. How is an EPROM erased? 


. Jrue or false: There is no way to erase only 4 portion 2 an EPROM's 
memory. ) | . 


wn 


. What function is performed by PROM and EPROM programmers 
. What EPROM shortcomings are overcome by EEPROMs?~ | 
. What are the major drawbacks of the EEPROM? 

. What type of ROM can erase one byte at a time? 


ew ZH an 


11-8 FLASH MEMORY 


EPROMs are nonvolatile, offer fast read access times (typically 120 ns), and have 
high density and low cost ber bit. They do, however, require removal from their 
circuit/system to be erased and reprogrammed. EEPROMs are nonvolatile, offer 
fast read access, and allow rapid in-circuit erasure and reprogramming of individ- 
ual bytes. They suffer from lower density and much higher cost than EPROMs. 

The challenge for semiconductor engineers was to fabricate a nonvolatile 
memory with the EEPROM’s in-circuit electrical erasability, but with densities and 
costs much closer to EPROMs, while retaining the high-speed read access of both. 
The response to this challenge was the flash memory. 

Structurally, a flash memory cell is like the simple single-transistor EPROM 
cell (and unlike the more complex two-transistor EEPROM cell), being only slightly 
larger. It has a thinner gate-oxide layer that allows electrical erasability but can be 
built with much higher densities than EEPROMs. The cost of flash memory is con- 
siderably less than for EEPROM, although not yet as close to EPROM as it will be 
as flash technology improves. Figure 11-14 illustrates the trade-offs for the various 
semiconductor nonvolatile memories. As erase/programming flexibility increases 
(from base to apex of the triangle), so does device complexity and cost. MROM 
and PROM are the simplest and cheapest devices, but they cannot be erased and 
reprogrammed. EEPROM is the most complex and expensive because it can be 
erased and reprogrammed in circuit on a byte-by-byte basis. 

Flash memories are so-called because of their rapid erase and write times. 
Most flash chips use a bulk erase operation in which all cells on the chip are 
erased simultaneously; this bulk erase process typically requires hundreds of mil- 
liseconds compared to 20 min for UV EPROMs. Some newer flash memories offer 
a sector erase mode, where specific sectors of the memory array (e.g., 512 bytes) 
can be erased at one time. This prevents having to erase and reprogram all cells 
when only a portion of the memory needs to be updated. A typical flash memory 
has a write time of 10 ws per byte compared to 100 mus for the most advanced 
EPROM and 5 ms for EEPROM (which includes automatic byte erase time). 
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Figure 11-14 Tradeoffs for semiconductor nonvolatile 
memories show that complexity and cost increase as 
erase and programming flexibility increase. 


Device complexity and cost 


Cannot be erased and 
reprogrammed 


Memory manufacturers everywhere are working on developing and improv- 
ing flash memory devices, and each has its own approach as to what features and 
performance characteristics are the most important. We will not attempt to survey 
the vast array of manufacturers and devices here. Instead, we present a representa- 
tive flash memory IC from one of the leading memory manufacturers and use it as 
a vehicle for learning the main aspects of flash memory operation. By looking at 
this representative device we will also get exposed to the use of command codes 
as a means by which we can control the internal operations of the more complex 
logic chips. This will serve as a good introduction to the many types of command- 
controlled ICs that are part of most microprocessor-based systems. 


The 28F256A CMOS Flash Memory IC Figure 11-15(a) shows the 
logic symbol for Intel Corporation’s 28F256A CMOS flash memory chip, which has 
a capacity of 32K x 8. The diagram shows 15 address inputs (Ao-Ai4) needed to 
select the different memory addresses; that is, 2 = 32K = 32,768. The eight data 
input/output pins (DQ o-DQ7) are used as inputs during memory write operations 
and as outputs during memory read operations. These data pins float to the Hi-Z 
state when the chip is deselected (CE = HIGH) or when the outputs are disabled 
(OE = HIGH). The write enable input (WE) is used to control memory write oper- 
ations. Note that the chip requires two power-supply voltages: Vcc is the standard 
+5 V used for the logic circuitry; Vpp is the erase/programming power-supply volt- 
age, nominally +12 V, which is needed for the erase and programming (write) op- 
erations. 

The control inputs—CE, OF, and WE—control what happens at the data 
pins in much the same way as for the 28604 EEPROM, as the table in Figure 
11-15(b) shows. These data pins are normally connected to a data bus. During a 
write operation data are transferred over the bus—usually from the microprocessor— 
and into the chip. During a read operation, data from inside the chip are trans- 
ferred over the data bus—usually to the microprocessor. It is important to note 
that if the Vpp pin is not held at a high voltage (over 6.5 V), write operations 
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Figure 11-15 = (a) Logic symbol for 28F256A flash memory chip; (b) control inputs CE, WE, 


cannot be performed, and the chip can only be read from; so it acts as a read-only 
memory (ROM) and the memory contents cannot be altered. 

The operation of this flash memory chip can be better understood by looking 
at its internal structure. Figure 11-16 is a diagram of the 28F256A showing its major 
functional blocks. You should refer to this diagram as needed during the following 
discussion. The unique feature of this structure is the command register, which is 
used to manage all the chip functions. Command codes are written into this regis- 
ter to control which operations take place inside the chip (e.g., erase, erase verify, 
program, program verify). These command codes usually come over the data bus 
from the microprocessor. State control logic examines the contents of the com- 
mand register and generates logic and control signals to the rest of the chip’s cir- 
cuits to carry out the steps in the operation. Let’s look at how this works for some 
of the commands. 


Read Command To set up the chip for read operations, it is necessary first 
to write all 0’s (000000002 = 0016) into the command register. This is done by ap- 
plying 0016 to the data pins and pulsing WE LOW while CE = LOW and OF = 
HIGH las shown in the table in Figure 11-15(b)]. The address inputs can be in any 
state for this step because the input data will automatically be routed to the com- 
mand register. Once this is done, the device is set up to have data read from the 
262,144-bit (32,768-byte) memory matrix (array). Memory data are read in the 
usual way: (1) apply the address to be read from; (2) set WE = HIGH, CE = LOW, 
and pulse OF = LOW to enable the output buffers to pass data from the cell ma- 
trix to the data output pins. The read access time for the 28F256A is 120 ns, maxi- 
mum. The device remains enabled for memory reads as long as the command reg- 
ister contents remain at O06. 


Set-Up Erase/Erase Commands To erase the entire contents of the 
memory array requires two steps: (1) writing the code 20i6 to the command regis- 
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Figure 11-16 Functional diagram of 28F250A flash memory chip. (Courtesy of Intel Corporation. ) 


ter to set up the chip for the erase operation; and (2) again writing the code 2016 
to the command register to begin the erase operation. This two-step sequence 
makes it less likely that the memory contents will be erased accidentally. After the 
second command code has been written, the 12 V from Vpp is used to erase all 
cells in the array. This process takes about 10 ms. 


Krase-Verify Command After the erase operation, it is necessary to verify 
that all memory cells have been erased; that is, all bytes = 111111112 = FFic. The 
erase-verify operation must be done for each byte address. It is initiated by writing 
AO to the command register. Then a read operation is done on the address to be 
verified and the output data are checked to see that it equals FFis. These two steps 
are done for each address, and the total time to verify all addresses is about 1 s. If 
the data at an address do not show up as FF, the chip must be erased again using 
the erase command sequence above. 


Set-Up Program/Program Commands _ The device can be set up for 
byte programming by writing the code 40i6 to the command register. This is fol- 
lowed by writing the data that are to be programmed to the desired address. 
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Program Verify Command After a byte has been programmed into an 
address, the content of that address must be verified to assure that it has been pro- 
grammed successfully. This is done by first writing the code C06 to the command 
register to set up the verify operation. This is followed by a read operation, which 
will cause the chip to output the data from the address that was just programmed 
so that it can be compared to the desired data. 

The complete process of programming and verifying each address location 
takes about 500 ms for the 28F256A. 


REVIEW QUESTIONS 


1. What is the main advantage of flash memory over - EPROM? 
2. What is the main advantage: of flash memory over EEPROMs? 
3. Where does the word fae come from? 

4. What is Vpp needed for? — . 
5. What is the function of the oe S command register? : 
6. What i is the purpose of an erase-verify command? 

7. What is the purpose of the program-verify command? 
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With the exception of MROM and PROM, most ROM devices can be repro- 
grammed, so technically they are not read-only memories. However, the term 
ROM can still be used to include EPROMs, EEPROMs, and flash memory, because 
during normal operation the stored contents of these devices is not changed nearly 
as often as it is read. So ROMs are taken to include all semiconductor, nonvolatile 
memory devices, and they are used in applications where nonvolatile storage of 
information, data, or program codes is needed, and where the stored data rarely or 
never change. Here are some of the most common application areas. 


Firmware The most widespread application of ROMs is in the storage of 
data and program codes that must be available on power-up in microprocessor- 
based systems. These data and program codes are called firmware because they 
are firmly stored in hardware (i.e., ROM chips) and are not subject to change dur- 
ing normal system operation. Some PCs, business computers, and laptop comput- 
ers store their operating system programs and language interpreters (e.g., BASIC, 
Pascal) in ROM firmware so that the computer can be used immediately after 
power is turned on. 

In addition to the familiar microcomputers, there are many other micro- 
processor-based systems that use ROM firmware. Consumer products such as auto- 
mobiles, VCRs, CD players, and microwave ovens, as well as all kinds of produc- 
tion machinery have embedded microcontrollers which consist of a micro- 
processor that controls and monitors the operation according to programs and data 
that are stored in ROM. 
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In all of these systems, to a great degree system operation depends on what 
is stored in the ROM, and changes in system operation are usually made by chang- 
ing the contents of ROM. With EPROMs, this requires either removing the chips 
from the system for erasure and reprogramming, or replacing them with new ones. 
This necessitates suspension of system operation for anywhere from a few minutes 
to an hour. The use of EEPROMs, and better still, flash memory, cuts this down 
considerably since they can be rapidly erased and reprogrammed in-system. 


Bootstrap Memory Many microcomputers and most larger computers do 
not have their operating system programs stored in ROM. Instead, these programs 
are stored in external mass memory, usually magnetic disk. How, then, do these 
computers know what to do when they are powered on? A relatively small pro- 
gram, called a bootstrap program, is stored in ROM. (The term bootstrap comes 
from the idea of pulling oneself up by one’s own bootstraps.) When the computer 
is powered on, it will execute the instructions that are in this bootstrap program. 
These instructions typically cause the CPU to initialize the system hardware. The 
bootstrap program then loads the operating system programs from mass storage 
(disk) into its main internal memory. At that point the computer begins executing 
the operating system program and is ready to respond to the user commands. This 
startup process is often called “booting up the system.” 


Data Tables ROMs are often used to store tables of data that do not 
change. Some examples are the trigonometric tables (G.e., sine, cosine, etc.) and 
code-conversion tables. Several standard ROM “look-up” tables are available with 
trig functions. One, the National Semiconductor MM4220BM, stores the sine func- 
tion for angles between 0 and 90°. This ROM is organized as a 128 X 8, with 
seven address inputs and eight data outputs. The address inputs represent the 
angle in increments of approximately 0.7°. For example, address 0000000 is 0°, ad- 
dress 0000001 is 0.7°, address 0000010 is 1.41°, and so on, up to address 1111111, 
which is 89.3°. When an address is applied to the ROM, the data outputs will rep- 
resent the approximate sine of the angle. For example, with input address 1000000 
(representing approximately 45°) the data outputs will be 10110101. Since the sine 
is less than or equal to 1, these data are interpreted as a fraction; that is, 
10110101, which when converted to decimal equals .707 (the sine of 45°). 


Data Converter The data converter circuit takes data expressed in one 
type of code and produces an output expressed in another type. Code conversion 
is needed, for example, when a computer is outputting data in straight binary code 
and we want to convert it to BCD in order to display it on 7-segment LED read- 
outs. 

One of the easiest methods of code conversion uses a ROM programmed so 
that the application of a particular address (the old code) produces a data output 
that represents the equivalent in the new code. The 74185 is a TTL ROM that 
stores the binary-to-BCD code conversion for a 6-bit binary input. To illustrate, a 
binary address input of 100110 (decimal 38) will produce a data output of 
00111000, which is the BCD code for decimal 38. Problem 11-20 will deal with this 
ROM. 
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Figure 11-17 = Function generator using a ROM and a DAC. 


Function Generator The function generator is a circuit that produces 
waveforms such as sine waves, sawtooth waves, triangle waves, and square 
waves. Figure 11-17 shows how a ROM look-up table and a DAC are used to gen- 
erate a sine-wave output signal. 

The ROM stores 256 different 8-bit values, each one corresponding to a dif- 
ferent waveform value (i.e., a different voltage point on the sine wave). The 8-bit 
counter is continuously pulsed by a clock signal to provide sequential address in- 
puts to the ROM. As the counter cycles through the 256 different addresses, the 
ROM outputs the 256 data points to the DAC. The DAC output will be a waveform 
that steps through the 256 different analog voltage values corresponding to the 
data points. The low-pass filter smooths out the steps in the DAC output to pro- 
duce a smooth waveform. 

Circuits such as this are used in some commercial function generators. The 
same idea is employed in some speech synthesizers, where the digitized speech 
waveform values are stored in the ROM. 


Auxiliary Storage — Because of their nonvolatility, high speed, low power 
requirements, and lack of moving parts, flash memory modules have become fea- 
sible alternatives to magnetic disk storage. This is especially true for lower capaci- 
ties (5 Mbytes or less) where flash is cost-competitive with magnetic disk. The low 
power consumption of flash memory makes it particularly attractive for laptop and 
notebook computers which use battery power. We can expect to see more and 
more of these “semiconductor disk drives’—that is, flash memory cards made up 
of several flash ICs and control logic—being used in place of the slower, bulkier, 
less reliable, and more power-hungry disk drives. 


REVIEW QUESTIONS 


1. What is firmware? 

2. Describe how a computer uses a bootstrap program. 
_ 3. What is a code converter? 

4. What are the main elements of a function generator? 


5. Why are flash memory modules a feasible alternative to auxiliary disk 
storage? 


SECTION 11-10 / PROGRAMMABLE LOGIC DEVICES 


653 


654 


11-10 PROGRAMMABLE LOGIC DEVICES 


Logic designers have a wide range of standard ICs available to them with numer- 
ous logic functions and logic circuit arrangements on a chip. In addition, these ICs 
are available from many manufacturers and at a reasonably low cost. For these 
reasons, designers have been interconnecting standard ICs to form an almost end- 
less variety of different circuits and systems and will continue to do so in the in- 
definite future. 

However, there are some problems with circuit and system designs that use 
only standard ICs. Some system designs might require hundreds or thousands of 
these ICs. This large number of ICs requires a considerable amount of circuit 
board space, and a great deal of time and cost in inserting, soldering, and testing 
of the ICs. The equipment manufacturer must keep a significant inventory of all 
the different types of ICs used in the design. Reducing the number of ICs used in a 
design can have several advantages: less board space and therefore fewer printed 
circuit boards and smaller enclosures; lower power requirements (smaller power 
supplies); faster and less costly assembly processes; higher reliability, since there 
are fewer ICs and circuit connections that can fail; and easier troubleshooting. 

In order to reduce the number of ICs to be used in a design, it is necessary 
to put more and more logic functions on a chip. This, of course, has been done 
with LSI and VLSI technologies for standard functions such as memory, micro- 
processors, voice synthesizers, calculator chips, and so on. These devices contain 
hundreds and thousands of logic gates internally interconnected to operate in a 
predefined way. There are many design situations, however, for which there is no 
LSI or VLSI solution. These situations have typically required designers to intercon- 
nect several SSI and MSI chips to achieve the necessary logic functions. The recent 
development of programmable logic devices (PLDs) has presented logic designers 
with a way to replace a large number of standard ICs with a single IC. 

A PLD is an IC that contains large numbers of gates, FFs, and registers that 
are interconnected on the chip. Many of the connections, however, are fusible 
links that can be broken. The IC is said to be programmable because the specific 
function of the IC for a given application is determined by the selective breaking 
of some of the interconnections while leaving others intact. The “fuse blowing” 
process can be done by the manufacturer in accordance with the customer’s in- 
structions, or it can be done by the customer. This process is called programming 
because it produces the desired circuit pattern interconnecting the gates, FFs, reg- 
isters, and so on. 


Basic Idea Figure 11-18 demonstrates the basic idea used by programmable 
logic ICs. It shows an array of AND gates, and an array of OR gates that can be in- 
terconnected to generate four outputs, each of which can be any logic function of 
the two input variables A and B. 

Each input feeds both a noninverting buffer and an inverting buffer to pro- 
duce the true and inverted forms of each variable. These are the input lines to the 
AND-gate array. Each AND gate is connected to two different input lines so as to 
generate a unique product of the input variables. The AND outputs are called the 
product lines. 
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Figure 11-18 Example of a programmable logic device. 


Each of the product lines is connected to one of the four inputs of each OR 
gate through a fusible link. With all the links initially intact, each OR output will 
be a constant 1. Here’s the proof: 


O,=AB+AB+ AB + AB 
ACB + B)+ AB + B) 
—-~A+A=1 


Each of the four outputs O;, O2, O3, and O; can be programmed to be any func- 
tion of A and B by selectively blowing the appropriate fuses. PLDs are designed so 
that a blown OR input acts as a logic 0. For example, if we blow fuses 1 and 4 at 
OR gate 1, the O; output becomes 


O, = 0 + AB+ AB +0 = AB+ AB 
We can program each of the OR outputs to any desired function in a similar 


manner. Once all of the outputs have been programmed, the device will perma- 
nently generate the selected output functions. 


Product 
lines 


OR 
array 
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X= intactfuse Figure 11-19 Simplified symbology for 
@ = hard-wired PLDs. 


Input Lines 


PLD Symbology — The example in Figure 11-18 has only two input variables, 
and the circuit diagram is already quite cluttered. You can imagine how messy the 
diagram would be for PLDs with many more inputs. For this reason, PLD manufac- 
turers have adopted a simplified symbology to represent the internal circuitry of 
these devices. 

Figure 11-19 shows an example of the symbology for a four-input AND gate. 
First note how the input buffers are represented as a single buffer with two out- 
puts. Next, note that a single line is shown going into the AND gate to represent 
the four inputs. The connections from the input variable lines to the AND gate are 
indicated as either an X or a dot. An X represents an intact fuse. A dot represents a 
hard-wired connection (i.e., one that cannot be changed). The absence of either of 
these indicates no connection. In this example, the inputs A and B are connected 
to the AND gate to generate the product AB. The A and B inputs are not con- 
nected to the AND gate (no X or dot), so they have no effect on its output. The 
important thing to understand about this symbology is that the AND gate has four 
different inputs even though only a single line is shown. The actual inputs that get 
connected to the AND gate are symbolized by the X’s and/or dots. 


PLD Architectures—the PROM _ There are several common architec- 
tures used for PLDs. The first one we will examine is the PROM. Figure 11-20(a) 
shows a 16 X 4 PROM which can also function as a type of PLD. It has four inputs 
that are completely decoded by the AND array; that is, each gate generates one of 
the 16 possible AND products. The connections from the input lines to the AND 
array are hard-wired, while the connections from the AND output product lines to 
the OR gate inputs are all programmable. 

Figure 11-20(b) shows how the PROM would be programmed to generate four 
specified logic functions. Let’s follow the procedure for output O; = AB+ CD. The 
first step is to draw a truth table showing the desired O3 output level for all possible 
input combinations (Table 11-2). 

Next, write down the AND products for those cases where the output is to 
be a 1. The O; output is to be the OR sum of these products. Thus, only those 
fuses that connect these product terms to the inputs of OR gate 3 are to be left in- 
tact. All others are to be blown, as indicated in Figure 11-20(b). This same proce- 
dure is followed to determine the status of the fuses at the other OR gate inputs. 

The PROM can generate any possible logic function of the input variables 
because it generates every possible AND product term. In general, any application 
that requires every input combination to be available is a good candidate for a 
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Figure 11-20 
given functions. 


PROM. However, PROMs become impractical when a large number of input vari- 
ables have to be accommodated, because the number of fuses doubles for each 
added input variable. 

An example of an actual PROM that is used as a PLD is the AM27S13, which 
is a 512 X 4 PROM manufactured using high-speed Schottky TTL technology. 
Since 512 = 2’, this PROM has nine address inputs and four data outputs. Thus, 
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Table 11-2 


D CC 8B A O; 
0 0 0 0 1 — DCRA 
0 0 0 1 1 — DCBA 
oe et 1 +> DCBA 
0 0 i 1 1 — DCBA 
0 1 0 0 0 
0 1 0 1 0 
0 1 1 0 0) 
0 ij 1 ‘ 1 > DCBA 
1 0 0 0 0 
1 0 0 1 0 
| 0 1 0 0 
1 0 1 1 1 — DCBA 
1 1 0 0 0 
1 1 0 1 0 
1 1 1 0 0 
1 1 1 1 1 a DCBA 


the AM27S13 can be programmed to generate four outputs each of which can be 
any logic function of the nine different inputs. 


Programmable Array Logic (PAL) —= The PROM architecture is well 
suited for those applications where every possible input combination is required 
to generate the output functions. Examples are code converters and data storage 
tables. There are many applications, however, that do not require that all input 
combinations be programmable. The logic functions shown in Figure 11-20(b), for 
example, do not use all of the available AND product lines. This has led to the de- 
velopment of a class of PLDs called programmable array logic (PAL). The archi- 
tecture of a PAL differs slightly from that of a PROM, as shown in Figure 11-21(a). 

The PAL has the same AND and OR arrays as with PROMs, but in the PAL the 
inputs to the AND gates are programmable while the inputs to the OR gates are 
hard-wired. This means that every AND gate can be programmed to generate any 
desired product of the four input variables and their complements. Each OR gate is 
hard-wired to only four AND outputs. This limits each output function to four 
product terms. If a function requires more than four product terms, it cannot be 
implemented with this PAL; one having more OR inputs would have to be used. If 
fewer than four product terms are required, the unneeded ones can be made 0. 

Figure 11-21(b) shows how this PAL is programmed to generate four speci- 
fied logic functions. Let’s follow the procedure for output O; = AB + CD. First, 
we have to express this output as the OR sum of four terms because the OR gates 
have four inputs. We do this by putting in Os. Thus, we have 


O; = AB+ CD+0+0 
Next we have to determine how to program the inputs to AND gates 1, 2, 3, and 4 
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Figure 11-21 


so that they provide the correct product terms to OR gate 3. We do this term by 
term. The first term, AB, is obtained by leaving intact the fuses that connect inputs 
A and Bto AND gate 1, and blowing all other fuses on that line. Likewise, the sec- 
ond term, CD, is obtained by leaving intact only the fuses that connect inputs C 
and D to AND gate 2. The third term is a 0. A constant 0 is produced at the output 
of AND gate 3 by leaving all of its input fuses intact. This would produce an out- 
put of AABBCCDD, which, as we know, is 0. The fourth term is also 0, so the 
input fuses to AND gate 4 are also left intact. 

The inputs to the other AND gates are programmed in a like manner to gen- 
erate the other output functions. Note especially that many of the AND gates have 
all of their input fuses intact, since they need to generate Os. 


(a) Typical PAL architecture; (b) same PAL programmed for the given functions. 
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An example of an actual PAL integrated circuit is the PALI8L8A from Texas 
Instruments, Inc. It is manufactured using low-power Schottky technology and has 
10 logic inputs and 8 output functions. Each output OR gate is hard-wired to seven 
AND-gate outputs, and so it can generate functions that include up to seven terms. 
An added feature of this particular PAL is that six of the eight outputs are fed back 
into the AND array, where they can be connected as inputs to any AND gate. This 
makes it very useful in generating all sorts of combinational logic. 


Programmable Logic Arrays (PLAS) — A PLA combines the characteris- 
tics of the PROM and the PAL by providing both a programmable OR array and a 
programmable AND array. This feature, illustrated in Figure 11-22, makes it the 


Figure 11-22 Architecture of a PLA shows both 
programmable AND array and programmable OR 
array for maximum versatility. 
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most versatile of the three PLDs. However, it does have some disadvantages. Be- 
cause it has two sets of fuses, it is more difficult to manufacture, program, and test 
than a PROM or PAL. PLAs are often referred to as field-programmable arrays 
(FPLIAs ). 

An example of an actual FPLA is the Texas Instruments TIFPLA840, which is 
specified to be a 14 X 32 X 6 FPLA. It has 14 input variables, 32 AND gates to 
generate products of these variables, and 6 OR gates that can be any combination 
of 32 AND outputs. 


Polarily Fuse — Many PLDs include a programmable output polarity feature 
that gives the designer the option to invert any of the device outputs. This is illus- 
trated in Figure 11-23, where an EX-OR gate and a polarity fuse have been added 
to the OR gate output. The EX-OR gate acts as a controlled inverter which will in- 
vert or not, depending on the state of the fuse. When the fuse is intact Cogic 0), 
the EX-OR will pass the OR gate output with no inversion; when the fuse is open 
(logic 1), the EX-OR will invert the OR gate output. 


a : 

P3 
... Polarity fuse intact: 
Oz = P; + Po + Ps 
Polarity fuse blown: 
er = Py + Fo + Ps 
= a ° P» * P 

Ss 


Figure 11-23. Many PLDs in- 
clude a programmable polarity 
Polarity feature that provides the option 
ie of inverting any of the ouput 
= O3 functions. 


This programmable output feature is available on many PAL and FPLA de- 
vices, including the TIFPLA840 mentioned above, and the GAL16V8, which we will 
study in detail in Chapter 12. 


Other PLD Features — Many PLDs include one or more of the following as 
part of their architecture: FFs, latches, input registers, and output registers. Very 
often the operating characteristics of these devices are programmable, as are the 
connections to the other devices on the chip. This gives the logic designer a great 
deal of flexibility in designing counters and other sequential logic circuits. This 
type of PLD is sometimes called a programmable logic sequencer. 
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Programming When PLDs were first introduced, the logic designer would 
develop a fuse map that showed which fuses to blow and send it off to the PROM, 
PAL, or FPLA manufacturer. The manufacturer would then program the device ac- 
cording to the fuse map, test it, and ship it off to the designer. In recent years the 
availability of relatively inexpensive programming equipment has made it conve- 
nient for users to program their own PLDs. There are universal programmers on 
the market that can program most common PROMs, PALs, and FPLAs. The device 
to be programmed is plugged into a socket on the programmer, and the program- 
mer will program and test the device according to data that have been supplied by 
the user. 

The programming and test data are typically developed using commonly 
available software that will run on standard PCs. Using this software, the user en- 
ters data into the computer describing the logic functions he wants programmed 
into the PLD, as well as information on how the device is to be tested. The soft- 
ware then generates a fuse map and test data in a form that can be sent over a 
cable to the PLD programmer’s memory. Once the programmer has the data, it can 
proceed to program and test the device. When finished, the programmer will indi- 
cate whether the device has passed or failed the testing procedure. If it passes, it 
can be removed from the programmer’s socket and placed in the prototype circuit 
for further testing. 


Figure 11-24 Flowchart of PLD design, programming 
and test process. 
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Figure 11-24 is a flowchart showing the various steps in the process of de- 
signing, programming, and testing a PLD. In Chapter 12 we will go through this 
complete process using the GAL16V8 chip and CUPL—one of the more popular 
PLD program development software packages. A disk containing the CUPL soft- 
ware will be provided to instructors using this book so that you can try out the 
chapter examples and exercises and can develop your own design projects. 


Erasable PLDS The PLDs we have been talking about are programmed by 
zapping fuses. Once a fuse is zapped, it cannot be reconnected. Thus, if you make 
a mistake in programming, or you want to change the design, the device will no 
longer be useful and you might as well drop it into the wastebasket. This draw- 
back has been addressed by several companies that have developed PLDs that can 
be erased and reprogrammed over and over. Called erasable programmable logic 
devices (EPLDs), these devices are programmed and erased just like EEPROMs. The 
GAL16V8 is such a device. In erasable PLDs, the fuses are electronic switches 
rather than fusible links, so their state (open or closed) can be electrically changed 
over and over just like an EEPROM memory cell can be electrically erased and re- 
programmed. 


REVIEW QUESTIONS 
. What is a PLD? 
. What would output O; be in Figure 11-16 if fuses 1 and 2 were blown? 


1 
2 
3. What does an X represent on a PLD diagram? 
4, What does a dot represent on a PLD diagram? 
> 


. Verify that the correct fuses are blown for the O2, O,, sad Oy fanictiens in 
Figure 11-20(b). 


6. How does the architecture of a PAL differ from a PROM? 
7. Verify that the correct fuses are blown for the Oz, O;, and Op functions in 
Figure 11-21(b). 
8. How does the architecture of FLPAs differ from PROMs and PALs? 
9. What are the steps involved in the design, progane and ue of a 
PLY 
10. What capability does a polarity fuse give a PLD designer? 
11. What is the main advantage of an EPLD? 


11-11 SEMICONDUCTOR RAMS 


Recall that the term RAM stands for random-access memory, meaning that any 
memory address location is as easily accessible as any other. Many types of mem- 
ory can be classified as having random access, but when the term RAM is used 
with semiconductor memories it is usually taken to mean read/write memory 
(RWM) as opposed to ROM. Since it is common practice to use RAM to mean 
semiconductor RWM, we will do so throughout the following discussions. 
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RAM is used in computers for the temporary storage of programs and data. 
The contents of many RAM address locations will be read from and written to as 
the computer executes a program. This requires fast read and write cycle times for 
the RAM so as not to slow down the computer operation. 

A major disadvantage of RAM is that it is volatile and will lose all stored in- 
formation if power is interrupted or turned off. Some CMOS RAMs, however, use 
such small amounts of power in the standby mode (no read or write operations 
taking place) that they can be powered from batteries whenever the main power is 
interrupted. Of course, the main advantage of RAM is that it can be written into 
and read from rapidly with equal ease. 

The following discussion of RAM will draw on some of the material covered 
in our treatment of ROM, since many of the basic concepts are common to both 
types of memory. 


11-12 RAM ARCHITECTURE 


As with the ROM, it is helpful to think of the RAM as consisting of a number of 
registers, each storing a single data word, and each having a unique address. 
RAMs typically come with word capacities of 1K, 4K, 8K, 16K, 64K, 128K, 256K, 
and 1024Kk, and word sizes of 1, 4, or 8 bits. As we will see later, the word capac- 
ity and word size can be expanded by combining memory chips. 

Figure 11-25 shows the simplified architecture of a RAM which stores 64 
words of 4 bits each (i.e., a 64 X 4 memory). These words have addresses ranging 
from 0 to 6310. In order to select one of the 64 address locations for reading or 
writing, a binary address code is applied to a decoder circuit. Since 64 = 2°, the 
decoder requires a 6-bit input code. Each address code activates one particular de- 
coder output, which, in turn, enables its corresponding register. For example, as- 
sume an applied address code of 


AsA4A3A2A;Ap = 011010 
Since 0110102 = 2610, decoder output 26 will go high, selecting register 26 for ei- 
ther a read or write operation. 


Read Operation — The address code picks out one register in the memory 
chip for reading or writing. In order to read the contents of the selected register, the 
READ/WRITE (R/W)* input must be a 1. In addition, the CHIP SELECT (CS) input 
must be activated (a 0 in this case). The combination of R/W = 1 and CS = 0 
enables the output buffers so that the contents of the selected register will appear at 
the four data outputs. R/W = 1 also disables the input buffers so that the data inputs 
do not affect the memory during a read operation. 


Write Operation To write a new 4-bit word into the selected register re- 
quires R/W = 0 and CS = 0. This combination enables the input buffers so that 
the 4-bit word applied to the data inputs will be loaded into the selected register. 
The R/W = 0 also disables the output buffers, which are tristate, so that the data 
outputs are in their Hi-Z state during a write operation. The write operation, of 
course, destroys the word that was previously stored at that address. 


*Some manufacturers use the symbol WE (write enable) or W instead of R/W. In any case the opera- 
tion is the same. 
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Figure 11-25 Internal organization of a 64 X 4 RAM. 


Chip Select} = Most memory chips have one or more CS inputs which are 
used to enable the entire chip or disable it completely. In the disabled mode all 
data inputs and data outputs are disabled (Hi-Z) so that neither a read nor a write 
operation can take place. In this mode the contents of the memory are unaffected. 
The reason for having CS inputs will become clear when we combine memory 
chips to obtain larger memories. Note that many manufacturers call these inputs 
CHIP ENABLE (CE). When the CS or CE inputs are in their active state, the mem- 
ory chip is said to be selected; otherwise it is said to be deselected. Many memory 
ICs are designed to consume much lower power when they are deselected. In 
large memory systems, for a given memory operation, One or more memory chips 
will be selected while all others are deselected. More will be said on this later. 


Common Input/Output Pins In order to conserve pins on an IC pack- 
age, manufacturers often combine the data input and data output functions using 
common input/output pins. The R/W input controls the function of these I/O pins. 
During a read operation, the I/O pins act as data outputs which reproduce the 
contents of the selected address location. During a write operation, the I/O pins 
act as data inputs to which the data to be written are applied. 
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We can see why this is done by considering the chip in Figure 11-25. With 
separate input and output pins, a total of 18 pins is required (including ground 
and power supply). With four common I/O pins, only 14 pins are required. The 
pin savings becomes even more significant for chips with larger word size. 


EXAMPLE 11-9 


The 2147H is an NMOS RAM that is organized as a 4K X 1 with separate data 
input and output, and a single active-LOW chip-select input. Draw the logic sym- 
bol for this chip, showing all pin functions. 


Solution 
The logic symbol is shown in Figure 11-26(a). 
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Figure 11-26 (a) Logic symbol for 2147H RAM chip; 
(b) MCM6206C RAM. 


EXAMPLE 11-10 


The MCM6206C is a CMOS RAM with 32K X 8 capacity, common I/O pins an ac- 
tive-LOW chip-enable, and an active-LOW output-enable. Draw the logic symbol. 


Solution 
The logic symbol is shown in Figure 11-26(b). 
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REVIEW QUESTIONS 


1. Describe the input conditions needed to read a word from a specific RAM 
address location. 


2. Why do some RAM chips have common input/output pins? 


3. How many pins are required for the MCM6209C 64K X 4 RAM with one 
CS input and common I/O? 


11-13 STATIC RAM (SRAM) 


The RAM operation that we have been discussing up to this point applies to a sta- 
tic RAM—one that can store data as long as power is applied to the chip. Static- 
RAM memory cells are essentially flip-flops that will stay in a given state (store a 
bit) indefinitely, provided that power to the circuit is not interrupted. Later we will 
describe dynamic RAMs, which store data as charges on capacitors. With dynamic 
RAMs the stored data will gradually disappear because of capacitor discharge, so 
that it is necessary to periodically refresh the data (.e., recharge the capacitors). 
Static RAMs (SRAMs) are available in bipolar, MOS and BiCMOS technologies; 
the majority of applications use NMOS or CMOS RAMs. As stated earlier, the bipo- 
lars have the advantage in speed (though CMOS is gradually closing the gap), and 
MOS devices have much greater capacities and lower power consumption. Figure 
11-27 shows for comparison a typical bipolar static memory cell and a typical 
NMOS static memory cell. The bipolar cell contains two bipolar transistors and two 
resistors, while the NMOS cell contains four N-channel MOSFETs. The bipolar cell 
requires more chip area than the MOS cell because a bipolar transistor is more 
complex than a MOSFET, and because the bipolar cell requires separate resistors 
while the MOS cell uses MOSFETS as resistors (Q3 and Q;). A CMOS memory cell 


Figure 11-27 Typical bipolar and NMOS static RAM cells. 
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would be similar to the NMOS cell except that it would use P-channel MOSFETs in 
place of Q3; and Q,. This results in the lowest power consumption but increases 
the chip complexity. 


Static RAM Timing RAM ICs are most often used as the internal memory 
of a computer. The CPU (central processing unit) continually performs read and 
write Operations on this memory at a very fast rate determined by the limitations 
of the CPU. The memory chips that are interfaced to the CPU have to be fast 
enough to respond to the CPU read and write commands, and a computer de- 
signer has to be concerned with the RAM’s various timing characteristics. 

Not all RAMs have the same timing characteristics, but most of them are simi- 
lar, and so we will use a typical set of characteristics for illustrative purposes. The 
nomenclature for the different timing parameters will vary from one manufacturer 
to another, but the meaning of each parameter is usually easy to determine from 
the memory timing diagrams on the RAM data sheets. Figure 11-28 shows the tim- 
ing diagrams for a complete read cycle and complete write cycle for a typical RAM 
chip. 


Read Cycle The waveforms in Figure 11-28(a) show how the address, R/W, 
and chip-select inputs behave during a memory read cycle. As noted, the CPU 
supplies these input signals to the RAM when it wants to read data from a specific 
RAM address location. Although a RAM may have many address inputs coming 
from the CPU’s address bus, for clarity the diagram shows only two. The RAM’s 
data output is also shown; we will assume that this particular RAM has one data 
output. Recall that the RAM’s data output is connected to the CPU data bus (Figure 
11-5). 

The read cycle begins at time #. Prior to that time, the address inputs will be 
whatever address is on the address bus from the preceding operation. Since the 
RAM’s chip-select is not active, it will not respond to this “old” address. Note that 
the R/W line is HIGH prior to % and stays HIGH throughout the read cycle. In 
most memory systems, R/W is normally kept in the HIGH state except when it is 
driven LOW during a write cycle. The RAM’s data output is in its Hi-Z state since 
CS = 1, 

At %, the CPU applies a new address to the RAM inputs; this is the address of 
the location to be read. After allowing time for the address signals to stabilize, the 
CS line is activated. The RAM responds by placing the data from the addressed lo- 
cation onto the data output line at 4. The time between #4 and ft is the RAM’s ac- 
cess time, facc, and is the time between the application of the new address and the 
appearance of valid output data. The timing parameter, fo, is the time it takes for 
the RAM output to go from Hi-Z to a valid data level once CS is activated. 

At time #, the CS is returned HIGH, and the RAM output returns to its Hi-Z 
state after a time interval, fop. Thus, the RAM data will be on the data bus between 
and 4. The CPU can take it from the data bus at any point during this interval. 
In most computers, the CPU will use the PGT of the CS signal at b to latch these 
data into one of its internal registers. 

The complete read cycle time, fxc, extends from f to &, when the CPU 
changes the address inputs to a different address for the next read or write cycle. 


Write Cycle Figure 11-28(b) shows the signal activity for a write cycle that 
begins when the CPU supplies a new address to the RAM at a time h. The CPU 
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Figure 11-28 Typical timing for static RAM: (a) read cycle; (b) write cycle. 


drives the R/W and CS lines LOW after waiting for a time interval fs, called the 
address setup time. This gives the RAM’s address decoders time to respond to the 
new address. R/W and CS are held LOW for a time interval fw, called the write- 
time interval. 
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During this write-time interval at time 4 the CPU applies valid data to the 
data bus to be written into the RAM. These data have to be held at the RAM input 
for at least a time interval fps prior to, and for at least a time interval py after, the 
deactivation of R/W and CS at b. The fps interval is called the data setup time, and 
fou is called the data hold time. Similarly, the address inputs have to remain stable 
for the address hold-time interval, fan, after h. If any of these setup- or hold-time 
requirements are not met, the write operation will not take place reliably. 

The complete write-cycle time, fwc, extends from 4 to 4%, when the CPU 
changes the address lines to a new address for the next read or write cycle. 

The read cycle time, fxc, and write cycle time, fvc, are what essentially deter- 
mine how fast a memory chip can operate. For example, in an actual application, 
a CPU will often be reading successive data words from memory one right after 
the other. If the memory has a fgc of 50 ns, the CPU can read one word every 
50 ns, or 20 million words per second; with frc = 10 ns, the CPU can read 100 
million words per second. Table 11-3 shows the minimum read and write cycle 
times for some representative static RAM chips. 


Table 11-3 
tec(min) twc(min) 
Device (ns) (ns) 
CMOS MCM6206C, 32K X 8 15 & 
NMOS 2147H, 4K X 1 35 35 
BiCMOS MCMG6708A, 64K X 4 8 8 


Actual SRAM Chip An example of an actual SRAM IC is the MCM6264C 
CMOS 8K X 8 RAM with read and write cycle times of 12 ns and a standby power 
consumption of only 100 mW. The logic symbol for this IC is shown in Figure 
11-29. Notice that it has 13 address inputs, since 2'? = 8192 = 8K, and eight 
data I/O lines. The four control inputs determine the device’s operating mode 
according to the accompanying mode table. 

The WE input is the same as the R/W input we have been using. A LOW at 
WE will write data into the RAM provided that the device is selected—both chip 
select inputs are active. Note how the & symbol is used to denote that both have 
to be active. A HIGH at WE will produce the read operation provided that the de- 
vice is selected and the output buffers are enabled by OF = LOW. When dese- 
lected, the device is in its low-power mode and none of the other inputs have any 
effect. 


Figure 11-29 Symbol and mode table for CMOS MCM6264C. 
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REVIEW QUESTIONS 


. How does a static RAM cell differ from a dynamic RAM cell? 

. Which memory technology generally uses the least power? 
What device places data on the data bus during a read cycle? 
What device places data on the data bus during a write cycle? 
. What RAM timing parameters determine its operating speed? 


. True or false: A LOW at OE will enable the output buffers of an MCM6264C 
provided both chip select inputs are active. 


NW RW DN 


11-14 | DYNAMIC RAM (DRAM) 


Dynamic RAMs are fabricated using MOS technology and are noted for their high 
capacity, low power requirement, and moderate operating speed. As we stated 
earlier, unlike static RAMs, which store information in FFs, dynamic RAMs store 1s 
and Os as charges on a small MOS capacitor (typically a few picofarads). Because 
of the tendency for these charges to leak off after a period of time, dynamic RAMs 
require periodic recharging of the memory cells; this is called refreshing the dy- 
namic RAM. In modern DRAM chips, each memory cell must be refreshed typically 
every 2, 4, or 8 ms, or its data will be lost. 

The need for refreshing is a drawback of dynamic RAM as compared to static 
RAM because it may require external support circuitry. Some DRAM chips have 
built-in refresh control circuitry that does not require extra external hardware but 
does require special timing of the chip’s input control signals. Additionally, as we 
shall see, the address inputs to a DRAM have to be handled in a less straightfor- 
ward way than SRAM. So, all in all, designing with and using DRAM in a system is 
more complex than SRAM. However, their much larger capacities and much lower 
power consumption make DRAM the memory of choice in systems where the 
most important design considerations are the keeping down of size, cost, and 
power. 

For applications where speed and reduced complexity are more critical than 
cost, space, and power considerations, static RAMs are still the best. They are gen- 
erally faster than dynamic RAMs and require no refresh operation. They are sim- 
pler to design with, but they cannot compete with the higher capacity and lower 
power requirement of dynamic RAMs. 

Because of their simple cell structure, DRAMs typically have four times the 
density of SRAMs. This allows four times as much memory capacity to be placed 
on a single board, or alternatively, requires one-fourth as much board space for 
the same amount of memory. The cost per bit of dynamic RAM storage is typically 
one-fifth to one-fourth that of static RAMs. A further cost saving is realized because 
the lower power requirements of a dynamic RAM, typically one-sixth to one-half 
those of a static RAM, allow the use of smaller, less expensive power supplies. 

The main applications of SRAMs are in areas where only small amounts of 
memory are needed (up to 64K), or where high speed is required. Many micro- 
processor-controlled instruments and appliances have very small memory capacity 
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requirements. Some instruments, such as digital storage oscilloscopes and logic an- 
alyzers, require very high-speed memory. For applications such as these, SRAM is 
normally used. 

The main internal memory of most personal microcomputers (e.g., IBM PC 
or APPLE) uses DRAM because of its high capacity and low power consumption. 
These computers, however, sometimes use some small amounts of SRAM for func- 
tions requiring maximum speed such as video graphics and look-up tables. 


REVIEW JA EASE 


LY hat are the main drawbacks of dynamic RAM Cu with static? 
2 ‘List ihe advantages of dynan mic | | 
3. Which type of RAM would you expect to see in baten-operited equip- : 
sie ment? ee | ' a 


RAM compared with Static } AM. 


11-15 DYNAMIC RAM STRUCTURE AND OPERATION 


The dynamic RAM’s internal architecture can be visualized as an array of single-bit 
cells as illustrated in Figure 11-30. Here there are 16,384 cells arranged in a 128 X 
128 array. Each cell occupies a unique row and column position within the array. 
Fourteen address inputs are needed to select one of the cells (2 = 16,384); the 
lower address bits, Ap to Ao, select the row, and the higher-order bits, Az to A13, se- 
lect the column. Each 14-bit address selects a unique cell to be written into or read 
from. The structure in Figure 11-30 is a 16K X 1 DRAM chip. DRAM chips are cur- 
rently available in capacities of 4090K X 1 (4M X 1) and 1M X 4. DRAMs with a 


Figure 11-30 = Cell arrangement in 10K X 1 dynamic RAM.. 
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4-bit word size have a cell arrangement similar to Figure 11-30 except that each 
position in the array contains four cells, and each applied address selects a group 
of four cells for a read or write operation. As we will see later, larger word sizes 
can be attained by combining several chips in the appropriate arrangement. 

Figure 11-31 is a symbolic representation of a dynamic memory cell and its 
associated circuitry. Many of the circuit details are not shown, but this simplified 
diagram can be used to describe the essential ideas involved in writing to and 
reading from a DRAM. The switches $1 through S4 are actually MOSFETs that are 
controlled by various address decoder outputs and the R/W signal. The capacitor, 
of course, is the actual storage cell. 


S4 


DATA IN ea 


1 DATA OUT 


sense 
amplifier 


VREF 
Figure 11-31 Symbolic representation of a dynamic memory cell. During a 
WRITE operation, semiconductor switches $1 and S2 are closed. During a read 
operation, all switches are closed except S1. 


To write data to the cell, signals from the address decoding and read/write 
logic will close switches $1 and $2, while keeping S3 and S4 open. This connects 
the input data to C. A logic 1 at the data input charges C;, and a logic 0 discharges 
it. Then the switches are open so that C is disconnected from the rest of the cir- 
cuit. Ideally, C would retain its charge indefinitely, but there is always some leak- 
age path through the off switches, so that C will gradually lose its charge. 

To read data from the cell, switches $2, $3, and S4 are closed and S1 is kept 
open. This connects the stored capacitor voltage to the sense amplifier. The sense 
amplifier compares the voltage with some reference value to determine if it is a 
logic 0 or 1, and produces a solid OV or 5V for the data output. This data output is 
also connected to C (S2 and S4 are closed) and refreshes the capacitor voltage by 
recharging or discharging. In other words, the data bit in a memory cell is re- 
freshed each time it is read. 


Address Multiplexing = The 16K X 1 DRAM array depicted in Figure 11-30 
has 14 address inputs. A 64K X 1 DRAM array would have 16 address inputs. A 
1M X 4 DRAM needs 20 address inputs; a 4M X 1 needs 22 address inputs. High- 
capacity memory chips such as these would require many pins if each address 
input required a separate pin. In order to reduce the number of pins on their high- 
capacity DRAM chips, manufacturers utilize address multiplexing whereby each 
address input pin can accommodate two different address bits. The savings in pin 
count translates to a significant decrease in the size of the IC packages. This is 
very important in large-capacity memory boards, where you want to maximize the 
amount of memory that can fit on one board. 
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Figure 11-32 (a) Simplified architecture of the 4116, a 16K X 1 DRAM; (b) RAS/CAS 
timing. 


We will use the 4116, a 16K X 1 DRAM, to illustrate the address multiplexing 
idea. A simplified diagram of this chip’s internal architecture is shown in Figure 
11-32(a). It contains an array of cells arranged as 128 rows by 128 columns. There 
are a single data input line, a single data output line, and a R/W input. There are 
seven address inputs, and each one has a dual function (e.g., Ao/A7 will function 
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as both Ap and A7). Two address strobe inputs are included for loading the row 
and column addresses into their respective on-chip registers. The row address 
strobe RAS clocks the 7-bit row address register, and the column address 
strobe CAS clocks the 7-bit column address register. 

A 14-bit address is applied to this DRAM in two steps using RAS and CAS. 
The timing is shown in Figure 11-32(b). Initially, RAS and CAS are both HIGH. At 
time %, the 7-bit row address (Ap to Ao) is applied to the address inputs. After al- 
lowing time for the setup-time requirement (igs) of the row address register, the 
RAS input is driven LOW at 4. This NGT loads the row address into the row ad- 
dress register so that Aj to Ao now appear at the row decoder inputs. The LOW at 
RAS also enables this decoder so that it can decode the row address and select 
one row of the array. 

At time h, the 7-bit column address (A; to Aj3) is applied to the address in- 
puts. At &, the CAS input is driven LOW to load the column address into the col- 
umn address register. CAS also enables the column decoder so that it can decode 
the column address and select one column of the array. 

At this point the two parts of the address are in their respective registers, the 
decoders have decoded them to select the one cell corresponding to the row and 
column address, and a read or a write operation can be performed on that cell just 
as in a static RAM. 

You may have noticed that this DRAM does not have a chip-select (CS) 
input. The RAS and CAS signals perform the chip-select function since they must 
both be LOW for the decoders to select a cell for reading or writing. 


EXAMPLE 11-11 


How many pins are saved by using address multiplexing for the 4M X 1 DRAM? 


solution 


Eleven address inputs are used instead of 22; RAS and CAS are added; no CS is re- 
quired. Thus, there is a net saving of ten pins. 


In a typical computer system, the address inputs to the memory system come 
from the central processing unit (CPU). When the CPU wants to access a particular 
memory location, it generates the complete address and places it on address lines 
that make up an address bus. Figure 11-33(a) shows this for a memory that has a 
capacity of 16K words and therefore requires a 14-line address bus going directly 
from the CPU to the memory. 

This arrangement works for ROM or for static RAM, but it has to be modified 
for DRAM that uses multiplexed addressing. If the memory is DRAM, it will have 
only 7 address inputs. This means that the 14 address lines from the CPU address 
bus have to be fed into a multiplexer circuit that will transmit 7 address bits at a 
time to the memory address inputs. This is shown symbolically in Figure 11-33(b). 
The multiplexer select input, labeled MUX, controls whether CPU address lines Ao 
to Ao or address lines Az to Aj3 will be present at the DRAM address inputs. 

The timing of the MUX signal has to be synchronized with the RAS and CAS 
signals that clock the addresses into the DRAM. This is shown in Figure 11-34. 
MUX has to be LOW when RAS is pulsed LOW so that address lines Ap to Ao from 
the CPU will reach the DRAM address inputs to be loaded on the NGT of RAS. 
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Figure 11-33 (a) CPU address bus driving ROM or static RAM memory; 
(b) CPU addresses driving a multiplexer that is used to multiplex the CPU address 
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Likewise, MUX has to be HIGH when CAS is pulsed LOW so that A; to A413 from 
the CPU will be present at the DRAM inputs to be loaded on the NGT of CAS. 

The actual multiplexing and timing circuitry will not be shown here but will 
be left to the end-of-chapter problems (Problems 11-26 and 11-27.) 


REVIEW — 


1. Describe the array structure of a 64K & i Lae ee 


- 5. What is is the function of the MUX ae 


11-16 DRAM READ/WRITE CYCLES 


The timing of the read and write operations of a DRAM is much more complex 
than for a static RAM, and there are many critical timing requirements that the 
DRAM memory designer has to consider. At this point, a detailed discussion of 
these requirements would probably cause more confusion than enlightenment. We 
will concentrate on the basic timing sequence for the read and write operations for 
a typical DRAM system like that of Figure 11-33(b). 


DRAM Read Cycle — Figure 11-35 shows typical signal activity during the 
read operation. It is assumed that R/W is in its HIGH state throughout the opera- 
tion. The following is a step-by-step description of the events that occur at the 
times indicated on the diagram. 


to: MUX is driven LOW to apply the row address bits (Ao to Ao) to the DRAM 
address inputs. 


ti: RAS is driven LOW to load the row address into the DRAM. 
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Figure 11-35 Signal activity for a read operation on a dynamic RAM. The R/ W input 
(not shown) is assumed to be HIGH. 


b: 


MUX goes HIGH to place the column address (47 to Aj;3) at the DRAM ad- 


dress inputs. 


ha: 


CAS goes LOW to load the column address into the DRAM. 


ty, The DRAM responds by placing valid data from the selected memory cell 
onto the DATA OUT line. 


bs: 


MUX, RAS, CAS, and DATA OUT return to their initial states. 


DRAM Write Cycle — Figure 11-36 shows typical signal activity during a 
DRAM write operation. Here is a description of the sequence of events. 


fo: 
ae 
ee 
: The NGT at CAS loads the column address into the DRAM. 
: Data to be written are placed on the DATA IN line. 


The LOW at MUX places the row address at the DRAM inputs. 
The NGT at RAS loads the row address into the DRAM. 
MUX goes HIGH to place the column address at the DRAM inputs. 


: R/W is pulsed LOW to write the data into the selected cell. 
: Input data are removed from DATA IN. 
: MUX, RAS, CAS, and R/W are returned to their initial states. 
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Figure 11-36 


REVIEW QUESTIONS 


1. True or false: 
(a) During a read cycle the RAS signal is activated before the CAS signal. 
(b) During a write operation CAS is activated before RAS. 
(c) R/W is held LOW for the entire write operation. 
(d) The address inputs to a DRAM will change twice during a read or 
write Operation. 

2. Which signal makes sure that the correct portion of the complete address 
appears at the DRAM inputs? 


11-17% DRAM REFRESHING 


A DRAM cell is refreshed each time a read operation is performed on that cell. 
Each memory cell has to be refreshed periodically (typically, every 4 ms) or its 
data will be lost. This requirement would appear to be extremely difficult, if not 
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impossible, to meet for large-capacity DRAMs. For example, a 1M X 1 DRAM has 
102° = 1,048,576 cells. To ensure that each cell is refreshed within 4 ms, it would 
require that read operations would have to be performed on successive addresses 
at the rate of one every 4 ns (4 ms/1,048,576 ~ 4 ns). This is much too fast for any 
DRAM chip. Fortunately, manufacturers have designed DRAM chips so that 


whenever a read operation is performed on a cell, all the cells in 
that row will be refreshed. 


Thus, it is only necessary to do a read operation on each row of a DRAM array 
once every 4 ms to guarantee that each cell of the array is refreshed. Referring 
back to the 128 X 128 structure of Figure 11-30, this means that each time a read 
operation is performed on any row—say, row 1101011—all 128 cells in that row 
will be refreshed. 

Clearly, this row-refreshing feature makes it easier to keep all DRAM cells re- 
freshed. However, during the normal operation of the system in which a DRAM is 
functioning, it is unlikely that a read operation will be performed on each row of 
the DRAM within the required refresh time limit. Therefore, some kind of refresh 
control logic is needed either external to the DRAM chip or as part of its internal 
circuitry. In either case, there are two refresh modes: a burst refresh and a distrib- 
uted refresh. 

In a burst refresh mode, the normal memory operation is suspended, and 
each row of the DRAM is refreshed in succession until all rows have been re- 
freshed. In a distributed refresh mode, the row refreshing is interspersed with the 
normal operations of the memory. 

The most common method for refreshing a DRAM is the RAS-only refresh. 
It is performed by strobing in a row address with RAS while CAS and R/W remain 
HIGH. Figure 11-37 illustrates how RAS-only refresh is used for a burst refresh of a 
16K DRAM. A refresh counter is used to supply 7-bit row addresses to the DRAM 
address inputs starting at 0000000 (row 0). RAS is pulsed LOW to load this address 
into the DRAM and this refreshes row 0. The counter is incremented and the 
process is repeated up to address 1111111 Gow 127). The complete burst refresh 
takes about 50 ps. 

While the refresh counter idea seems easy enough, we must realize that the 
row addresses from the refresh counter cannot interfere with the addresses coming 
from the CPU during normal read/write operations. For this reason, the refresh 
counter addresses have to be multiplexed with the CPU addresses, so that the 
proper source of DRAM addresses is activated at the proper times. 


Figure 11-37 The RAS-only refresh method uses only the RAS signal to load the row address into the 
DRAM to refresh all cells in that row. The RAS-only refresh can be used to perform a burst refresh as shown. 
A refresh counter supplies the sequential row addresses from row 0 to row 127 (for a 10K * 1 DRAM). 


Xx ROW 127 


RAS 


Address 


*R/W and CAS lines held HIGH 
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Most manufacturers of dynamic memory ICs have developed special ICs to 
handle the refresh operation as well as the address multiplexing needed by 
DRAM systems. These ICs are called dynamic RAM controllers. We will look 
at a typical IC of this type, the Intel 3242, which is designed for use with 16K 
DRAMs. The block diagram in Figure 11-38 shows the 3242 used with a 10K X 1 
DRAM. 

The 3242 outputs a 7-bit multiplexed address to the DRAM’s address in- 
puts. There are three possible sources for this address. The 7-bit refresh counter 
is incremented by an external clock signal at its COUNT input. This counter sup- 
plies the row addresses to the DRAM during a refresh operation. The 3242 also 
takes the 14-bit address from the CPU address bus and multiplexes it into the 
row and column addresses that are used when the CPU performs a read or write 
operation on the DRAM. The logic levels applied to the REFRESH ENABLE and 
ROW ENABLE inputs determine which 7-bit address will appear at the controller 
outputs according to the table given in the diagram. 

Some of the newer DRAM chips have on-chip refreshing capability that 
eliminates the need to supply external refresh addresses. For example, the Intel 
21256 is a 250K X 1 DRAM arranged as a 512 X 512 array. It has on-chip refresh 
control logic and a refresh counter that are used as part of a refresh method 
called CAS-before-RAS refresh. In this method the CAS signal is driven LOW 
and held there as RAS is pulsed LOW. When the on-chip refresh control logic 
senses this sequence, an internal refresh operation takes place automatically at 


Figure 11-38 The 3242 DRAM controller performs the address multiplexing and refresh address counting 
for a 16K DRAM. 
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the row address given by the on-chip counter (not the externally applied address). 
The counter is internally incremented in preparation for the next CAS-before-RAS 
cycle. 

There are other refresh methods, but in general the RAS-only and the CAS- 
before-RAS are the preferred methods. Regardless of what method is used and 
what the source of the refresh address, the system designer has to see to it that the 
refresh cycles occur often enough to ensure that each row is refreshed within the 
specified time. 


REVIEW QUESTIONS 


1. [rue or false: 


(a) In most DRAMs it is only necessary to read from one cell in each row 
in order to refresh all cells in that row. 


(b) In the burst refresh mode the entire array is refreshed by one RAS 
pulse. 


2. What is the function of a refresh counter? 
3. What functions does a DRAM controller perform? 
4. True or false: 
(a) In the RAS-only refresh method the CAS signal is held LOW. 


(b) CAS-before-RAS refresh can only be used by DRAMs with on-chip 
refresh control circuitry. 


11-18 EXPANDING WORD SIZE AND CAPACITY 


In many memory applications the required RAM or ROM memory capacity or word 
size cannot be satisfied by one memory chip. Instead, several memory chips have 
to be combined to provide the capacity and/or word size. We will see how this is 
done through several examples that illustrate the important ideas that are used 
when memory chips are interfaced to a microprocessor. The examples that follow 
are intended to be instructive, and the memory chip sizes that are used were cho- 
sen so as to conserve space. The same techniques as those that are presented can 
be extended to larger memory chips. 


Expanding Word Size — Suppose we need a memory that can store sixteen 
8-bit words and all we have are RAM chips which are arranged as 160 X 4 memo- 
ries with common I/O lines. We can combine two of these 16 X 4 chips to pro- 
duce the desired memory. The configuration for doing so is shown in Figure 
11-39. Examine this diagram carefully and see what you can find out from it before 
reading on. 

Since each chip can store sixteen 4-bit words and we want to store sixteen 
8-bit words, we are using each chip to store half of each word. In other words, 
RAM-O stores the four higher-order bits of each of the 16 words, and RAM-1 stores 
the four /ower-order bits of each of the 16 words. A full 8-bit word is available at 
the RAM outputs connected to the data bus. 

Any one of the 16 words is selected by applying the appropriate address 
code to the four-line address bus (AB3, AB, AB,, ABo). The address lines typically 
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Figure 11-39 Combining two 16 X 4 RAMs for a 16 X 8 module. 


originate at the CPU. Note that each address bus line is connected to the corre- 
sponding address input of each chip. This means that once an address code is 
placed on the address bus, this same address code is applied to both chips so that 
the same location in each chip is accessed at the same time. 

Once the address is selected, we can read or write at this address under con- 
trol of the common R/W and CS line. To read, R/W must be high and CS must be 
low. This causes the RAM I/O lines to act as outputs. RAM-O places its selected 
4-bit word on the upper four data bus lines and RAM-1 places its selected 4-bit 
word on the lower four data bus lines. The data bus then contains the full selected 
8-bit word, which can now be transmitted to some other device (usually a register 
in the CPU). 

To write, R/W = 0 and CS = 0 causes the RAM I/O lines to act as inputs. 
The 8-bit word to be written is placed on the data bus (usually by the CPU). The 
higher 4 bits will be written into the selected location of RAM-O and the lower 4 
bits will be written into RAM-1. 

In essence, the combination of the two RAM chips acts like a single 16 X 8 
memory chip. We would refer to this combination as a 16 X 8 memory module. 
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The same basic idea for expanding word size will work for many different 
situations. Read the following example and draw a rough diagram for what the 
system will look like before looking at the solution. 


EXAMPLE 11-12 


THE 2125A is a static RAM IC that has a capacity of 1K x 1, one active-LOW chip 
select input, and separate data input and output. Show how to combine several 
2125A ICs to form a 1K X 8 module. 


Solution 


The arrangement is shown in Figure 11-40, where eight 2125A chips are used for a 
1K X 8 module. Each chip stores one of the bits of each of the 1024 eight-bit 
words. Note that all of the R/W and CS inputs are wired together, and the 10-line 
address bus is connected to the address inputs of each chip. Also note that since 
the 2125A has separate data in and data out pins, both of these pins of each chip 
are tied to the same data bus line. 


. in c ommo A oo. / _. : 


Figure 11-40 Eight 2125A 1K X 1 chips arranged as a 1K X 8 memory. 
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Expanding Capacity Suppose we need a memory that can store thirty-two 
4-bit words and all we have are the 16 X 4 chips. By combining two 16 X 4 chips 
as shown in Figure 11-41, we can produce the desired memory. Once again, ex- 
amine this diagram and see what you can determine from it before reading on. 
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Figure 11-41 Combining two 16 X 4 chips for a 32 X 4 memory. 


Each RAM is used to store sixteen 4-bit words. The data four I/O pins of 
each RAM are connected to a common four-line data bus. Only one of the RAM 
chips can be selected (enabled) at one time so that there will be no bus-con- 
tention problems. This is ensured by driving the respective CS inputs from differ- 
ent logic signals. 

Since the total capacity of this memory module is 32 X 4, there have to be 
32 different addresses. This requires five address bus lines. The upper address line 
AB, is used to select one RAM or the other (via the CS inputs) as the one that will 
be read from or written into. The other four address lines AB) to AB; are used to 
select the one memory location out of 16 from the selected RAM chip. 

To illustrate, when AB; = 0, the CS of RAM-O enables this chip for read or 
write. Then, any address location in RAM-0 can be accessed by AB; through ABp. 
The latter four address lines can range from 0000 to 1111 to select the desired lo- 
cation. Thus, the range of addresses representing locations in RAM-O is 

AB AB3AB2,AB,ABy = OOOO0O0 to 01111 
Note that when AB; = 0, the CS of RAM-1 is high, so that its I/O lines are disabled 
(Hi-Z) and cannot communicate (give or take data) with the data bus. 

It should be clear that when AB; = 1, the roles of RAM-0 and RAM-1 are re- 
versed. RAM-1 is now enabled and the lines AB; to AB select one of its locations. 
Thus, the range of addresses located in RAM-1 is 


ABABA, AB, ABy = 10000 to 11111 
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EXAMPLE 11-13 


It is desired to combine several 2K X 8 PROMs to produce a total capacity of 
8K X 8. How many PROM chips are needed? How many address bus lines are 
required? 


Solution 


Four PROM chips are required, with each one storing 2K of the 8K words. Since 
8K = 8 X 1024 = 8192 = 2), thirteen address lines are needed. 


The configuration for the memory of Example 11-13 is similar to the 32 X 4 
memory of Figure 11-41. However, it is slightly more complex, because it requires 
a decoder circuit for generating the CS input signals. The complete diagram for 
this 8192 X 8 memory is shown in Figure 11-42. 

Since the total capacity is 8192 words, 13 address bus lines are required. The 
two highest-order lines, AB; and ABi2, are used to select one of the PROM chips; 
the other eleven address bus lines go to each PROM to select the desired location 
within the selected PROM. The PROM selection is accomplished by feeding ABi 
and ABj)2 into the 74LS138 decoder. The four possible combinations are decoded 
to generate active-LOW signals, which are applied to the CS inputs. For example, 
when AB, = AB = 0, the 0 output of the decoder goes LOW (all others are 
HIGH) and enables PROM-O. This causes the PROM-O outputs to generate the data 
word internally stored at the address determined by AB through ABjo. All other 
PROMs are disabled, so there is no bus contention. 

While ABiz = AB, = 0, the values of ABjo through AB can range from all Os 
to all 1s. Thus, PROM-O will respond to the following range of 13-bit addresses: 


ABi2—ABoy = OQOOQOOOOOOOONN to OOLITITT1111111 


For convenience, these addresses can be more easily expressed in hexadecimal 
code to give a range of 0000 to 07FF. 

Similarly, when AB. = 0 and ABy = 1, the decoder selects PROM-1, which 
then responds by outputting the data word it has internally stored at the address 
AB through AB. Thus, PROM-1 responds to the following range of addresses: 


0100000000000 to 0111111111111 (binary) 
or 
0800 to OFFF (hex) 


You should verify the PROM-2 and PROM-3 address ranges given in the figure. 
Clearly, address lines ABjz and ABy are used to select one of the four PROM 
chips, while ABio through ABp select the word stored in the selected PROM. 


EXAMPLE 11-14 


What size decoder would be needed to expand the memory of Figure 11-42 to 
32K X 8? Describe what address lines are used. 
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solution 


A 32K capacity will require 16 PROM chips. To select one of the 16 PROMs will re- 
quire a 4-line-to-16-line decoder. Four address lines (AB, ABy3, ABi2, ABy) will be 
connected as inputs to this decoder. The address lines ABio to AB) are connected 
to the address inputs of each of the 16 PROMs. Thus, a total of 15 address lines 
are used. This agrees with the fact that 2? = 32,768 = 32K. 


Combining DRAM Chips — DRAM ICs usually come with word sizes of 1 or 
4 bits, so it is necessary to combine several of them to form larger word-size mod- 
ules. Figure 11-43 shows how to combine eight Intel 21256 DRAM chips to form a 
250K X 8 module. Each 21256 chip has a 256K X 1 capacity. 

There are several important points to note. First, since 256K = 2'®, the 21256 
chip has nine address inputs; remember, DRAMs use multiplexed address inputs. 
The address multiplexer takes the 18-line CPU address bus and changes it to a 
nine-line address bus for the DRAM chips. Second, the RAS, CAS, and WE inputs 
of all eight chips are connected together so that all chips are activated simultane- 
ously for each memory operation. Finally, recall that the 21256 has on-chip refresh 
control circuitry, so there is no need for an external DRAM controller. 


REVIEW QUESTIONS 


1. The MCM6209C is a 64K X 4 static RAM chip. How many of these are 
needed to form a 1M X 4 module? 


2. How many are needed for a 64K X 16 module? 


3. True or false: When memory chips are combined to form a module with a 
larger word size or eee the a esaputs of fee ae are always con- — 
nected together. | 


4. True or false: When. memory ‘chips a are » combined for a larger Ly, _ 
each chip is connected to the : same data bus lines. . , 


11-19 SPECIAL MEMORY FUNCTIONS 


We have seen that RAM and ROM devices are used as a computer’s high-speed in- 
ternal memory that communicates directly with the CPU (e.g., microprocessor). In 
this section we briefly describe some of the special functions that semiconductor 
memory devices perform in computers and other digital equipment and systems. 
The discussion is not intended to provide details of how these functions are imple- 
mented, but to introduce the basic ideas. 


Power-Down Storage In many applications, the volatility of semiconduc- 
tor RAM can mean the loss of critical data when system power is shut down— 
either purposely or as the result of an unplanned power interruption. Just two of 
many examples of this are: (1) critical operating parameters for graphics terminals, 
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intelligent terminals, and printers; these changeable parameters determine the op- 
erating modes and attributes that will be in effect upon power-up; and (2) indus- 
trial process control systems which must never “lose their place” in the middle of a 
task when power unexpectedly fails. 

There are several approaches to providing storage of critical data in power- 
down situations. In one method, all critical data during normal system operation 
are stored in RAM that can be powered from backup batteries whenever power is 
interrupted. Some CMOS RAM chips have very low standby power requirements 
(as low as 0.5 mW) and are particularly well suited for this task. Some CMOS 
SRAMs actually include a small lithium battery right on the chip. Of course, even 
with their low power consumption, these CMOS RAMs will eventually drain the 
batteries if power is out for prolonged periods, and data will be lost. 

Another approach stores all critical system data in nonvolatile flash memory. 
This has the advantage of not requiring backup battery power, and so presents no 
risk of data loss even for long power outages. Flash memory, however, cannot 
have its data changed as easily as static RAM. Recall that with a flash chip we can- 
not erase and write to one or two bytes; it must be done a sector at a time (usu- 
ally, 512 bytes). This requires the CPU to have to rewrite a large block of data 
even when only a few bytes need to be changed. 

In a third approach, the CPU stores all data in high-speed, volatile RAM dur- 
ing normal system operation. On power-down, the CPU executes a short power- 
down program (from ROM) that transfers critical data from the system RAM into ei- 
ther battery-backup CMOS RAM or non-volatile flash memory. This requires a 
special circuit that senses the onset of a power interruption and sends a signal to 
the CPU to tell it to begin executing the power-down sequence. 

In any case, when power is turned back on, the CPU executes a power-up 
program (from ROM) that transfers the critical data from the backup storage mem- 
ory to the system RAM so that the system can resume operation where it left off 
when power was interrupted. 


Cache Memory Computers and other digital systems may have thousands 
or millions of bytes of internal memory (RAM and ROM) which store programs 
and data that the CPU needs during normal operation. Normally, this would re- 
quire that all of the internal memory have an operating speed comparable to that 
of the CPU in order to achieve maximum system operation. In many systems it is 
not economical to use high-speed memory devices for all of the internal memory. 
Instead, system designers use a small block of high-speed cache memory which 
might hold, say, 512 words. This cache memory block is the only block that com- 
municates directly with the CPU at high speed; program instructions and data are 
transferred from the slower, cheaper internal memory to the cache memory when 
they are needed by the CPU. The success of cache memory depends on many 
complex factors, and some systems will not benefit from using cache memory. 


First-In, First-Out Memory (FIFO) In this type of memory system, 
data that are written into the RAM storage area are read out in the same order that 
they were written in. In other words, the first word written into the memory block 
is the first word that is read out of the memory block: hence the name FIFO. This 
idea is illustrated in Figure 11-44. 

Part (a) shows the sequence of writing three data bytes into the memory 
block. Note that as each new byte is written into location 1, the other bytes move 
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First data byte 2nd data byte 
written written 


00000 090 1 


3 3/01 | ‘1-1-0 3 
ee ai 
First data byte 2nd data byte 3rd data byte 
read = 01101110 read = 11100110 read = 00000001 


(b) 


1 


3rd data byte 
tes! 


00 00 0090 1 


Figure 11-44 In FIFO, data is read out (b) in the same order that it was written into 


memory (a). 


to the next location. Part (b) shows the sequence of reading the data out of the 
FIFO block. The first byte read is the same as the first byte that was written, and 
so on. The FIFO operation is controlled by special address pointer registers that 
keep track of where data are to be written and from where they are to be read. 

A FIFO is useful as a data-rate buffer between systems that transfer data at 
widely different rates. One example is the transfer of data from a computer to a 
printer. The computer sends character data to the printer at a very high rate: say, 
one byte every 10 us. These data fill up a FIFO memory in the printer. The printer 
then reads out the data from the FIFO at a much slower rate, say, one byte every 5 
ms, and prints out the corresponding characters in the same order as sent by the 
computer. 

A FIFO can also be used as a data-rate buffer between a slow device such as 
a keyboard, and a high-speed computer. Here the FIFO accepts keyboard data at a 
slow rate and stores them; the computer can then read the stored keyboard data at 
a fast rate. In this way, the computer can be performing other tasks while the FIFO 
is slowly being filled with data. 
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REVIEW QUESTIONS 


1. What are the various ways to handle the possible loss of critical data 
when power is interrupted? 


2. What is the principal reason for using a cache memory? 
3. What does FIFO mean? 
4. What is a data-rate buffer? 


11-20 TROUBLESHOOTING RAM SYSTEMS 


All computers use RAM. Many general-purpose computers and most special-pur- 
pose computers (such as microprocessor-based controllers and process-control 
computers) also use some form of ROM. Each RAM and ROM IC that is part of a 
computer’s internal memory typically contains thousands of memory cells. A single 
faulty memory cell can cause a complete system failure (commonly referred to as a 
“system crash”) or, at the least, unreliable system operation. The testing and trou- 
bleshooting of memory systems involves the use of techniques that are not often 
used on other parts of the digital system. Because memory consists of thousands 
of identical circuits acting as storage locations, any tests of its operation must in- 
volve checking to see exactly which locations are working and which are not. 
Then, by looking at the pattern of good and bad locations along with the organi- 
zation of the memory circuitry, the possible causes of the memory malfunction can 
be determined. The problem typically can be traced to a bad memory IC; a bad 
decoder IC, logic gate, or signal buffer; or a problem in the circuit connections 
(i.e., shorts or open connections). 

Because RAM has to be written to and read from, testing RAM is generally 
more complex than testing ROM. In this section we will look at some common 
procedures for testing the RAM portion of memory and interpreting the test results. 
We will examine ROM testing in the next section. 


Know the Operation —= The RAM memory system shown in Figure 11-45 
will be used in our examples. As we emphasized in earlier discussions, successful 
troubleshooting of a relatively complex circuit or system begins with a thorough 
knowledge of its operation. Before we can discuss the testing of this RAM system, 
we should first analyze it carefully so that we fully understand its operation. 

The total capacity is 4K X 8 and is made up of four 1K X 8 RAM modules. A 
module may be just a single IC, or it may consist of several ICs (e.g., two 1K X 4 
chips). Each module is connected to the CPU through the address and data buses, 
and the R/W control line. The modules have common I/O data lines. During a 
read operation these lines become data output lines through which the selected 
module places its data on the bus for the CPU to read. During a write operation, 
these lines act as input lines to accept CPU-generated data from the data bus for 
writing into the selected location. 
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The 74LS138 decoder and the four-input OR gate combine to decode the six 
high-order address lines to generate the chip-select signals KO, K1, K2, and K3. 
These signals enable a specific RAM module for a read or write operation. The IN- 
VERTER is used to invert the CPU output clock signal ¢2 so that the decoder is en- 
abled only while ¢2 is HIGH. The d¢2 pulse occurs only after allowing enough time 
for the address lines to stabilize following the application of a new address on the 
address bus. 2 will be LOW while the address and R/W lines are changing; this 
prevents the occurrence of decoder output glitches that could erroneously activate 
a memory chip and possibly cause invalid data to be stored. 

Each RAM module has its address inputs connected to the CPU address bus 
lines Ap through Ao. The high-order address lines Ajo through Aj5 select one of the 
RAM modules. The selected module decodes address lines Ap through Ao to find 
the word location that is being addressed. The following examples will show how 
to determine the addresses that correspond to each module. 


EXAMPLE 11-15 


Assume that the CPU is performing a read operation from address 06A3 (hex). 
Which RAM module, if any, is being read from? 


solution 


First write out the address in binary. 
Ajs Arg Ai3z Ai2 Ar Ato Ag Ag Ay Ap As Ay AZ Ad Ar Ao 
O O O O O iP 1 O 1 O I: 2 © © fF 1 


You should be able to verify that levels Ais to Ajo will activate decoder output K1 
to select RAM module-1. This module internally decodes the address lines Ao to Ao 
to select the location whose data are to be placed on the data bus. 


EXAMPLE 11-16 


Which RAM module will have data written into it when the CPU executes a write 
operation to address 1C65? 


Solution 


Writing out the address in binary, we can see that A15 = 1. This produces a HIGH 
out of the OR gate and at the C input of the decoder. With Aj; = Aio = 1, the de- 
coder inputs are 111, which activates output 7. Outputs KO to K3 will be inactive, 
and so none of the RAM modules will be enabled. In other words, the data placed 
on the data bus by the CPU will not be accepted by any of the RAMs. 


EXAMPLE 11-17 


Determine the range of addresses for each module in Figure 11-45. 


CHAPTER 11 / MEMORY DEVICES 


Solution 


Each module stores 1024 eight-bit words. To determine the addresses of the words 
stored in any module, we start by determining the address bus conditions that acti- 
vate that module’s chip-select input. For example, module-3 will be selected when 
decoder input K3 is LOW (Figure 11-46). K3 will be LOW for CBA = 011. Working 
back to the CPU address lines Ajs to Ajo, we see that module-3 will be enabled 
when the following address is placed on the address bus: 
Ais Ai Ai Aw Au Ai Ay fe Ay Ae AS At 4 A A 
0 0 0 0) 1 Ll x & SF #2 & HX HB XB KX & 

The xs under Ay through Ao indicate “don’t care” because these address lines 
are not used by the decoder to select module-3. Ao to Ao can be any combination 
ranging from 0000000000 to 1111111111, depending on which word in module-3 
is being accessed. Thus, the complete range of addresses for module-3 is deter- 
mined by using all Os, and then all 1s for the »’s. 

Ais Au Au Aa Au Aw Ay 45 Ay As AG Ag Ag A A A 
0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 + 0C00i6 
O O O 0 I { £¢ + FT F&F 2 Tt_udsatdti iad —> OFFFi¢ 


Finally, this gives us OCOO to OFFF as the range of hex addresses stored in module- 
3. When the CPU places any address in this range onto the address bus, only mod- 
ule-3 will be enabled for either a read or write, depending on the state of R/W. 

A similar analysis can be used to determine the address ranges for each of 
the other RAM modules. The results are: 


Module-O: 0000—O3FF 
Module-1: 0400—O07FF 
Module-2: 0800—OBFF 
Module-3:; OCOO—OFFF 


Note that the four modules combine for a total address range of 0000 to OFFF. 
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Figure 11-46 Example 11-17, showing address bus conditions needed to 
select RAM module-3. 


SECTION 11-20 / TROUBLESHOOTING RAM SYSTEMS 


695 


696 


Testing the Decoding Logic In some situations, the decoding logic por- 
tion of the RAM circuit (Figure 11-46) can be tested using the various techniques 
we have applied to combinatorial circuits. It can be tested by applying signals to 
the six most significant address lines and d2, and monitoring the decoder outputs. 
To do this, it has to be possible to easily disconnect the CPU from these signal 
lines. If the CPU is a microprocessor chip in a socket, it can simply be removed 
from its socket. 

Once the CPU is disconnected, you can supply the Aio—-Ais and d» signals 
from an external test circuit to perform a static test, using manually operated 
switches for each signal, or a dynamic test, using some type of counter to cycle 
through the various address codes. With these test signals applied, the decoder 
output lines can be checked for the proper response. Standard signal tracing tech- 
niques can be used to isolate any faults in the decoding logic. 


EXAMPLE 11-18 


A dynamic test is performed on the decoding logic of Figure 11-46 by keeping 
g2 = 1 and connecting the outputs of a 6-bit counter to the address inputs Ajo 
through Ajs;. The decoder outputs are monitored as the counter repetitively cycles 
through all 6-bit codes. A logic probe check on the decoder outputs shows pulses 
at K1 and K3, but shows KO and K2 remaining HIGH. What are the most probable 
faults? 


Solution 


It is possible, but highly unlikely, that KO and K2 could both be stuck HIGH due 
to either an internal or external short to Vcc. A more likely fault is an open be- 
tween Ajo and the A input of the decoder, since this would act as a logic HIGH 
and prevent any even-numbered decoder output from being activated. It is also 
possible that the decoder’s A input is shorted to Vcc, but this is also unlikely be- 
cause this short would have probably affected the operation of the counter that is 
supplying the address inputs. 


Testing the Complete RAM System Testing and troubleshooting the 
decoding logic will not reveal problems with the memory chips and their connec- 
tions to the CPU buses. The most common methods for testing the operation of 
the complete RAM system involve writing known patterns of 1s and Os to each 
memory location and reading them back to verify that the location has stored the 
pattern properly. While there are many different patterns that can be used, one of 
the most widely used is the “checkerboard pattern.” In this pattern, 1s and Os are 
alternated as in 01010101. Once all locations have been tested using this pattern, 
the pattern is reversed (i.e., 10101010) and each location is tested again. Note that 
this sequence of tests will check each cell for the ability to store and read both a 1 
and a 0. Because it alternates 1s and Os, the checkerboard pattern will also detect 
any interactions or shorts between adjacent cells. Many other patterns can be used 
to detect various failure modes within RAM chips. 

No memory test can catch all possible RAM faults with 100 percent accuracy, 
even though it may show that each cell can store and read a 0 or 1. Some faulty 
RAMs can be pattern-sensitive. For instance, a RAM may be able to store and read 
01010101 and 10101010, but it may fail when 11100011 is stored. Even for a small 
RAM system, it would take a prohibitively long time to try storing and reading 
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every possible pattern in each location. For this reason, if a RAM system passes the 
checkerboard test, you can conclude that it is probably good; if it fails the test, 
then it definitely contains a fault. 

Manually testing thousands of RAM locations by storing and reading checker- 
board patterns would take hundreds of hours, and is obviously not feasible. RAM 
pattern testing is usually done automatically either by having the CPU run a mem- 
ory test program or by connecting a special test instrument to the RAM system 
buses in place of the CPU. In fact, in many computers and microprocessor-based 
equipment the CPU will automatically run a memory test program every time it is 
powered up; this is called a power-up self-test. The self-test routine (we will call 
it SELF-TEST) is stored in ROM, and it is executed whenever the system is turned 
on, or when the operator requests it from the keyboard. As the CPU executes 
SELF-TEST, it will write and read test patterns to each RAM location, and will dis- 
play some type of message to the user. It may be something as simple as an LED 
to indicate faulty memory, or it may be a descriptive message printed on the 
screen or printer. Typical messages might be: 


RAM module-3 test OK 
ALL RAM working properly 
Location 027F faulty in bit positions 6 and 7 


With messages like these and a knowledge of the RAM system operation, the 
troubleshooter can determine what further action is needed to isolate the fault. 
The following two examples will illustrate the procedure for the 4K X 8 RAM sys- 
tem; its diagram is repeated in Figure 11-47 for convenience. Remember from our 
previous examples that the addresses for each RAM module are 

Module-O; 00O00—O3FF 

Module-1; 0400—07FF 

Module-2: 0800—OBFF 

Module-3: OCOO—OFFF 


EXAMPLE 11-19 


The following messages are printed out after the SELF-TEST is run: 


module-O test OK 
module-1 test OK 
address O9A7 faulty at bit 6 
module-3 test OK 


Examine these messages and decide what to do next. 


solution 


The faulty address location is in module-2. There is no circuit fault external to 
module-2 that could cause only that single address to be bad and no others. Thus, 
it appears that there is an internal fault in module-2. Before we reach this conclu- 
sion, however, the SELF-TEST program should be run several more times to see if 
the same messages appear. The original fault message may have been the result of 
noise rather than a bad memory cell; if so, further tests may produce no fault mes- 
sages or different fault messages. This would point up the need to check for 
sources of noise in the system such as nonexistent or nonfunctioning power-sup- 
ply decoupling capacitors, or crosstalk between closely spaced signal lines. 
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EXAMPLE 11-20 


Consider the following messages from SELF-TEST: 


module-O test OK 

address 0400 faulty at bits 0-7 
address 0401 faulty at bits 0-7 
address 0402 faulty at bits 0-7 


address O7FE faulty at bits 0O- 
address O7FF faulty at bits 0 
module-2 test OK 
module-3 test OK 


Examine these messages, list the possible faults, and describe what to do next. 


Solution 


Clearly, every address in module-1 is listed as being faulty, and so module-1 is not 
working at all. Here are several possible faults that could cause this: 


An open connection at the R/W input to module-1 

An open path between K1 and the module-1 chip-select 
A faulty decoder output K1 (stays HIGH) 

The K1/CS node externally shorted to Vac 

A faulty RAM module-1 (does not respond to CS) 


An unconnected Vec or ground on module-1 


Standard troubleshooting techniques can now be used to isolate the fault. 


As these examples have shown, the memory test program is useful in nar- 
rowing the problem to a specific area of the circuit. The troubleshooter uses the 
information provided from the memory test to determine possible faults and then 
proceeds to locate the actual fault. 

It should be pointed out that there are some RAM circuit faults that will pre- 
vent the CPU from executing the SELF-TEST program on power-up. For example, 
any RAM circuit fault that causes a data or address line to be stuck LOW or HIGH 
will cause erroneous operation when the CPU tries to execute the SELF-TEST pro- 
gram in ROM (remember that the ROM shares the address and data buses with the 
RAM). When this happens, you should check for stuck bus lines and, if one is 
found, use the standard techniques for determining the exact cause of the stuck 
line. 


REVIEW QUESTIONS 


1. What is d2’s function in the RAM circuit of Figure 11-45? 
2. What is the checkerboard test? Why is it used? 
3. What is a power-up self-test? 
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11-21 TESTING ROM 


The ROM circuitry in a computer is very similar to the RAM circuitry (compare Fig- 
ures 11-42 and 11-45). The ROM decoding logic can be tested in the same manner 
described in the preceding section for the RAM system. The ROM chips, however, 
must be tested differently from RAM chips, because we cannot write patterns into 
ROM and read them back as we can for RAM. There are several methods used to 
check the contents of a ROM IC. 

In one approach the ROM is placed in a socket in a special test instrument 
which is typically microprocessor-controlled. The special test instrument can be 
programmed to read every location in the test ROM and print out a listing of the 
contents of each location. The listing can then be compared with what the ROM is 
supposed to contain. Except for low-capacity ROM chips, this process can be very 
time-consuming. 

In a more efficient approach, the test instrument would have the correct data 
stored in its own reference ROM chip. The test instrument is then programmed to 
read the contents of each location of the test ROM and compare it with the con- 
tents of the reference ROM. This approach, of course, requires the availability of a 
preprogrammed reference ROM. 

A third approach uses a checksum. This is a special code placed in the last 
one or two locations of the ROM chip when it is programmed. This code is de- 
rived by adding up the data words to be stored in all of the ROM locations (ex- 
cluding those containing the checksum). As the test instrument reads the data from 
each test ROM location, it will add them up and develop its own checksum. It 
then compares its calculated checksum with that stored in the last ROM locations, 
and they should agree. If so, there is a high probability that the ROM is good 
(there is a very small chance that a combination of errors in the test ROM data 
could still produce the same checksum value). If they do not agree, then there is a 
definite problem in the test ROM. 

The checksum idea is illustrated in Figure 11-48(a) for a very small ROM. The 
data word stored in the last address is the 8-bit sum of the other seven data words 
(ignoring carries from the MSB). When this ROM is programmed, the checksum is 
placed in the last location. Figure 11-48(b) shows the data that might actually be 


Figure 11-48 Checksum method for an 8 X 8 ROM: (a) ROM with correct 
data; (b) ROM with error in its data. 


Address Data Address Data 


a 10010100 - 


Checksum Checksum 


700 — CHAPTER 11 / MEMORY DEVICES 


read from a faulty ROM that was originally programmed with the data in (a). Note 
the error in the word at address 011. As the test instrument reads the data from 
each location of the faulty ROM, it calculates its own checksum from those data. 
Because of the error, the calculated checksum will be 10010011. When the test in- 
strument compares this with the checksum value stored at ROM location 111, it 
sees that they disagree, and a ROM error is indicated. Of course, the exact location 
of the error cannot be determined. 

The checksum method can also be used by a computer or microprocessor- 
based equipment during an automatic power-up self-test to check out the contents 
of the system ROMs. Again, as in the self-test used for RAM, the CPU would exe- 
cute a program on power-up that would do a checksum test on each ROM chip 
and would print out some type of status message. The self-test program itself will 
be located in a ROM, and so any error in that ROM could prevent the successful 
execution of the checksum tests. 


REVIEW QUESTION 


1. What is a checksum? What is its purpose? | 


PROBLEMS 


SECTIONS 11-1 TO 11-3 


11-1. A certain memory has a capacity of 16K X 32. How many words does it 
store? What is the number of bits per word? How many memory cells does 
it contain? 

11-2. How many different addresses are required by the memory of Problem 
11-1? 

11-3. What is the capacity of a memory that has 16 address inputs, four data in- 
puts, and four data outputs? 

11-4. A certain memory stores 8K sixteen-bit words. How many data input and 
data output lines does it have? How many address lines does it have? 
What is its capacity in bytes? 


DRILL QUESTIONS 
11-5. Define each of the following terms. 
(a) RAM (f) Capacity 
(b) RWM (g) Volatile 
(c) ROM (Ch) Density 
(d) Internal memory (i) Read 
(e) Auxiliary memory (Gj) Write 


11-6. (a) What are the three buses in a computer memory system? 
(b) Which bus is used by the CPU to select the memory location? 
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(c) Which bus is used to carry data from memory to CPU during a read 
operation? 
(d) What is the source of data on the data bus during a write operation? 


SECTIONS 11-4 AND 11-5 


11-7. Refer to Figure 11-6. Determine the data outputs for each of the following 
input conditions. 
(a) [Al = 1011, CS=1 
(b) [4] = 0111; CS=0 
11-8. Refer to Figure 11-7. 
(a) What register is enabled by input address 1011? 
(b) What input address code selects register 4? 
11-9. A certain ROM has a capacity of 16K X 4 and an internal structure like 
that shown in Figure 11-7. 
(a) How many registers are in the array? 
(b) How many bits are there per register? 
(c) What size decoders does it require? 


DRILL QUESTION 


11-10. (a) True or false: ROMs cannot be erased. 
(b) What is meant by programming or burning a ROM? 
(c) Define a ROM’s access time. 
(d) How many data inputs, data outputs, and address inputs are needed 
for a 1024 X 4 ROM? 
(e) What is the function of the decoders on a ROM chip? 


SECTION 11-6 


\W/ 
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11-11. Figure 11-49 shows how data from a ROM can be transferred to an external 
register. The ROM has the following timing parameters: fycc = 250 ns and 
for = 120 ns. Assume that the new address inputs have been applied to 
the ROM 500 ns before the occurrence of the TRANSFER pulse. Determine 
the minimum duration of the TRANSFER pulse for reliable transfer of data. 


Figure 11-49 = Problem 11-11. 
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NW TRANSFER pulse. 
SECTIONS 11-7 AND 11-8 
DRILL QUESTION 


11-13. For each statement below indicate the type of memory being described: 
MROM, PROM, EPROM, EEPROM, flash. Some statements will correspond 
to more than one memory type. 

(a) Can be programmed by the user, but cannot be erased. 

(b) Is programmed by the manufacturer. 

(c) Is volatile. 

(d) Can be erased and reprogrammed over and over. 

(e) Individual words can be erased and rewritten. 

(f) Is erased with ultraviolet light. 

(g) Is erased electrically. 

(h) Uses fusible links. 

(i) Can be erased in bulk or in sectors of 512 bytes. 

Gj) Does not have to be removed from system to be erased and 
reprogrammed. 

(k) Requires a special supply voltage for reprogramming. 

(1) Erase time is about 15 to 20 min. 

11-14. Which transistors in Figure 11-9 will be conducting when A; = Ao = 1 
and EN = 0? 

11-15. Change the MROM connections in Figure 11-9 so that the MROM stores 
the function y= 3x + 5. 


vy 11-16. Figure 11-50 shows a simple circuit for manually programming a 2732 
- EPROM. Each EPROM data pin is connected to a switch that can be set 
at a 1 or O level. The address inputs are driven by a 12-bit counter. The 


Figure 11-50 = Problem 11-10. 
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Figure 11-51 


11-17. 


50-ms programming pulse comes from a one-shot each time the PRO- 

GRAM pushbutton is actuated. 

(a) Explain how this circuit can be used to sequentially program the 
EPROM memory locations with the desired data. 

(b) Show how 74293s and a 74121 can be used to implement this circuit. 

(c) Should switch bounce have any effect on the circuit operation? 


Figure 11-51 shows a 28F250A flash memory chip connected to a CPU 
over a data bus and address bus. The CPU can write to or read from the 
flash memory array by sending the desired memory address and generat- 
ing the appropriate control signals to the chip [Figure 11-15(b)]. The CPU 
can also write to the chip’s command register (Figure 11-16) by generating 
the appropriate control signals and sending the desired command code 
over the data bus. For this latter operation, the CPU does not have to send 
a specific memory address to the chip; in other words, the address lines 
are “don’t cares.” 


Address Bus 


CE 

—— 
_ | CONTROL 

WE 


8 


Data Bus 


Problem 11-17. 


(a) Consider the following sequence of CPU operations. Determine what 
will have happened to the flash memory at the completion of the 
sequence. Assume that the command register is holding 00,6. 


1. The CPU places 20i6 on the data bus, and pulses CE and WE 
LOW while holding OF HIGH. The address bus is at 000016. 
2. The CPU repeats step 1. 

(b) After the sequence above has been executed, the CPU executes the 
following sequence. Determine what this does to the flash memory 
chip. 

1. The CPU places 40;5 on the data bus, and pulses CE and WE 
LOW while holding OF HIGH. The address bus is at 0000\¢. 

2. The CPU places 3Ci¢ on the data bus, 2300;, onto the address bus, 
and pulses CE and WE LOW while holding OF HIGH. 
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SECTION 11-9 
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11-18. Another ROM application is the generation of timing and control signals. 
Figure 11-52 shows a 16 X 8 ROM with its address inputs driven by a 
MOD-16 counter so that the ROM addresses are incremented with each 
input pulse. Assume the ROM is programmed as in Figure 11-6, and 
sketch the waveforms at each ROM output as the pulses are applied. Ig- 
nore ROM delay times. Assume that the counter starts at 0000. 


+5 V 


MOD-16 
counter 


100-kHz 


JUUL 


Figure 11-52 Problem 11-18. 


11-19. Change the program stored in the ROM of Problem 11-18 to generate the 
D; waveform of Figure 11-53. 


10 ps 
Figure 11-53 Problem 11-19. 


11-20. Figure 11-54(a) shows the logic symbol for the 74185 IC, which is an “off 
the shelf” ROM that is programmed as a binary-to-BCD converter. It con- 
verts a 6-bit binary input to a two-digit BCD output. Note how the LSB of 
the 6-bit binary input is not connected to the ROM as an address input; in- 
stead, it is simply routed to the output and becomes the LSB of the LSD of 
the output. Figure 11-54(b) shows part of the truth table showing the con- 
tents of some of the locations in this ROM. Examine it to verify how the 
conversion from binary to BCD is taking place. Then fill in the missing en- 
tries in the table. 
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Figure 11-54 Problem 11-20. 


SECTION 11-10 


7 conversion from binary to Gray code. The inputs A, B, C, D are to repre- 
sent the binary code, and the outputs are to represent the Gray code. 
Refer to Table 2-4 in Section 2-7. 

Vy 11-22. Repeat Problem 11-21 using the PAL of Figure 11-23(a). Remember, you 

7 have to express each output as an OR sum of four terms. 


SECTION 11-12 


11-23. (a) Draw the logic symbol for a MCM101514, a CMOS static RAM or- 


ganized as a 256K X 4 with separate data in and data out, and an 
active-LOW chip enable. 


(b) Draw the logic symbol for a MCM6249, a CMOS static RAM organized 


as a 1M X 4 with common I/O, an active-LOW chip enable, and an 
active-LOW output enable. 
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SECTION 11-13 


11-24. 


A certain static RAM has the following timing parameters (in nanosec- 
onds): 


frc = 100 tas = 20 


tacc = 100 fan = not given 
tco = 70 ty = 40 
lop = 30 fps = 10 


two = 100 toy = 20 

(a) How long after the address lines stabilize will valid data appear at the 
outputs during a read cycle? 

(b) How long will output data remain valid after CS returns HIGH? 

(c) How many read operations can be performed per second? 

(d) How long should R/W and CS be kept HIGH after the new address 
stabilizes during a write cycle? 

(e) What is the minimum time that input data have to remain valid for a 
reliable write operation to occur? 

(f) How long must the address inputs remain stable after R/W and CS 
return HIGH? 

(g) How many write operations can be performed per second? 


SECTIONS 11-14 TO 11-17 


11-25. 


11-26. 


Draw the logic symbol for the TMS4256, which is a 256K X 1 DRAM. How 
many pins are saved by using address multiplexing for this DRAM? 


Figure 11-55(a) shows a circuit that generates the RAS, CAS, and MUX sig- 
nals needed for proper operation of the circuit of Figure 11-33(b). The 
10-MHz master clock signal provides the basic timing for the computer. 


Figure 11-55 = Problem 11-20. 
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11-27. 


11-28. 


11-29. 
11-30. 


11-31. 


11-32. 


The memory request signal (WEMR) is generated by the CPU in synchro- 
nism with the master clock as shown in part (b) of the figure. MEMR is 
normally LOW and is driven HIGH whenever the CPU wants to access 
memory for a read or write operation. Determine the waveforms at Qo, Qu, 
and OQ, and compare them with the desired waveforms of Figure 11-34. 
Show how to connect two 74157 multiplexers (Section 9-7) to provide the 
multiplexing function required in Figure 11-33(b). 

Refer to the signals in Figure 11-35. Describe what occurs at each of the 
labeled time points. 

Repeat for Figure 11-36. 

The 21256 is a 250K X 1 DRAM which consists of a 512 X 512 array of 
cells. The cells must be refreshed within 4 ms for data to be retained. Fig- 
ure 11-56 shows the signals used to execute a CAS-before-RAS refresh 
cycle. Each time a cycle such as this occurs, the on-chip refresh circuitry 
will refresh a row of the array at the row address specified by a refresh 
counter. The counter is incremented after each refresh. How often should 
CAS-before-RAS cycles be applied in order for all the data to be retained? 


CAS i ee a 
RAS \ / 


Figure 11-56 Problem 11-30. CAS-before-RAS 


SECTION 11-18 


Show how to combine two 6206 RAM chips (Figure 11-26) to produce a 
32K X 16 module. 

Show how to connect two of the ROM chips symbolized in Figure 11-57 
to produce a 2K X 8 ROM module. The circuit should not require any ad- 
ditional logic. 


Figure 11-57 Problem 11-32. 
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11-33. Describe how to modify the circuit of Figure 11-42 so that it has a total ca- 
pacity of 10K X 8. Use the same type of PROM chips. 


11-34. Modify the decoding circuit of Figure 11-42 to operate from a 16-line ad- 
dress bus (.e., add Ay3, Aj4, and Ajs5). The four PROMs are to maintain the 
same hex address ranges. 


11-35. Examine the memory circuit of Figure 11-58. 

(a) Determine the total capacity and word size. 

(b) Note that there are more address bus lines than are necessary to 
select one of the memory locations. This is not an unusual situation, 
especially in small computer systems, where the actual amount of 
memory circuitry is much less than the maximum which the computer 
address bus can handle. Which RAMs will put data on the data bus 
when Rk/W = 1 and the address bus is at 00010110? 

(c) Determine the range of addresses stored in the RAM-0/RAM-1 
combination. Repeat for the RAM-2/RAM-3 combination. 
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Figure 11-58 —= Problem 11-35. 


11-36. Draw the complete diagram for a 256K X 8 memory that uses RAM chips 
with the following specifications: 64K X 4 capacity, common input/output 
line, and two active-LOW chip-select inputs. [Hint: The circuit can be de- 
signed using only two inverters (plus memory chips).] 
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SECTION 11-20 
11-37. 


4 


11-39. 


Modify the RAM circuit of Figure 11-45 as follows: change the OR gate to an 
AND gate and disconnect its output from C; connect the AND output to £3; 
connect C'to ground. Determine the address range for each RAM module. 


. Show how to expand the system of Figure 11-45 to an 8K X 8 with ad- 


dresses ranging from 0000 to IFFF. (Hint: This can be done by adding the 
necessary memory modules and modifying the existing decoding logic.) 


A dynamic test is performed on the decoding logic of Figure 11-45 by 
keeping @2 = 1 and connecting the outputs of a 6-bit counter to address 
inputs Ajo to Ais. The decoder outputs are monitored with an oscilloscope 
(or logic analyzer) as the counter is continuously pulsed by a 1-MHz 
clock. Figure 11-59(a) shows the displayed signals. What are the most 
probable faults? 
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Figure 11-59 Problems 11-39 and 11-40. 


oe 4 11-40. Repeat Problem 11-39 for the decoder outputs shown in Figure 11-59(b). 
ALS 
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11-41. Consider the RAM system of Figure 11-45. The checkerboard pattern test 
will not be able to detect certain types of faults. For instance, assume that 
there is a break in the connection to the A input to the decoder. If a 
checkerboard pattern SELF-TEST is performed on this circuit, the dis- 


played messages will state that the memory is OK. 
(a) Explain why the circuit fault was not detected. 


(b) How would you modify the SELF-TEST so that faults such as this will 


be detected? 


a 11-42. Assume that the 1K X 8 modules used in Figure 11-45 are formed from 
two 1K X 4 RAM chips. The following messages are printed out when the 
power-up self-test is performed on this RAM system: 


module-O test OK 
module-1l test OK 
address 0800 faulty 
address 0801 faulty 
address 0802 faulty 


address OBFE faulty 
address OBFF faulty 
module-3 test OK 


Examine these messages and list the possible faults. 


at ba cS 
at bite 
at pate 


at bite 
at pits 


4 11-43. The following messages are printed out when the power-up self-test is 
performed on the RAM system of Figure 11-47. 


module=-0 test OK 
module-1 test OK 
module=2 test OK 


address OCOO faulty at 
address OCOl faulty at 
address OCO2 faulty at 


address OFFE faulty at 
address OFFF faulty at bit 


Examine these messages and list the possible faults. 


bit 
Dit 
Dit 


pit 


411-44. What messages would be printed out when a power-up self-test is per- 
formed on the RAM system of Figure 11-47 if there is a short between the 


decoder’s K2 and K3 outputs? 


SECTION 11-21 


a 11-45. Consider the 16 X 8 ROM in Figure 11-6. Replace the data word stored at 
address location 1111 with a checksum calculated from the other 15 data 


words. 
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SECTION 11-1 


dL. See text, 2. Sixteen bits per word; 
8192 words; 131,072 bits or cells 3. In 
a read operation a word is taken from a 
memory location and transferred to 
another device; in a write operation, a 
new word is placed in a memory location, 
replacing the one previously stored there. 
4. True 5. SAM: Access time is not 
constant, but depends on the physical 


location of the word being accessed. RAM: 


Access time is the same for any address 
location. 6. RWM is memory that can 
be read from or written to with equal 
ease; ROM is memory that is mainly read 
from and is written into very infrequently. 
7. False; its data has to be periodically 
refreshed. 


SECTION 11-2 


1. 14, 12, 12 2. Commands the 
memory to perform either a read 
Operation or a write operation 

3. When in its active state, this input 
enables the memory to perform the read 
or write operation selected by the R/W 
input; when in its inactive state, this input 
disables the memory so that it cannot 
perform the read or write function. 


SECTION 11-3 


1. Address lines, data lines, control lines 
2s oe. DES TEXL 


SECTION 11-4 


1. True 2. Apply desired address 
inputs; activate control input(s); data 
appear at data outputs. 3. Process of 
entering data into ROM 


SECTION 11-5 


1. A3A2A,A0 = 1001 2. The row-select 
decoder activates one of the enable inputs 
of all registers in the selected row; the 
column-select decoder activates one of 
the enable inputs of all registers in the 
selected column; the output buffers pass 
the data from the internal data bus to the 
ROM output pins when the CS input is 
activated. 


SECTION 11-7 


1. False; by the manufacturer. 2. A 


PROM can be programmed once by the user. 
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It cannot be erased and reprogrammed. 

3. True 4. By exposure to ultraviolet 
light 5. True 6. Automatically 
programs data into memory cells one 
address at a time. 7. An EEPROM can 
be electrically erased and reprogrammed 
without removal from its circuit, and in a 
much shorter time than EPROM. 

8. Low density; high cost 9. EEPROM 


SECTION 11-8 


1. Electrically erasable and programmable 
in circuit 2. Higher density, lower cost 
3. Short erase and programming times 

4. For the erase and programming 
operations 5. Contents of this register 
control all internal chip functions. 

6. To confirm that a memory address has 
been successfully erased (i.e., data = 
all 1s) 7. To confirm that a memory 
address has been programmed with the 
correct data 


SECTION 11-9 


1. Microcomputer programs stored in 
ROM 2. On power-up the computer 
executes a small bootstrap program from 
ROM to initialize the system hardware and 
to load the operating system from mass 
storage (disk). 3. Circuit that takes 
data represented in one type of code and 
converts it to another type of code. 

4. Counter, ROM, DAC, low-pass filter 

5. They are nonvolatile, fast, reliable, 
small, and low-power. 


SECTION 11-10 


1. An IC that contains large numbers 
of gates, FFs, and registers whose 
interconnections can be modified by 
the user to perform specific functions. 
2O,= A 3. An intact fuse 

4. A hard-wired connection 6. The 
PAL has a programmable AND. array; 
the PROM has a programmable OR 
array. 8. A FLPA contains both 
programmable AND and OR arrays. 
9. See Figure 11-24. 10. To invert 
or not invert the device outputs 

11. Can be erased and reprogrammed 


SECTION 11-12 


1. Desired address applied to address 
inputs; R/W = 1; CS or CE activated 
2. To reduce pin count Be 25, 
including Vcc and ground 


SECTION 11-13 


1. SRAM cells are flip-flops; DRAM cells 
use Capacitors. 2. CMOS 3. RAM 
4. CPU 5. Read and write cycle times 
6. False; when WE is LOW, the I/O pins 
act as data inputs regardless of the state of 
OE (second entry in mode table). 


SECTION 11-14 


1. Generally slower speed; need to be 
refreshed 2. Low power; high 
capacity; lower cost per bit 3. DRAM 


SECTION 11-15 


1. 256 rows by 256 columns 2.. It 
saves pins on the chip. 3. IM = 
1024K = 1024 X 1024. Thus, there are 
1024 rows by 1024 columns. Since 1024 = 
2'°, the chip needs 10 address inputs. 

4, RAS is used to latch the row address 
into the DRAM’s row address register; CAS 
is used to latch the column address into 
the column address register. 5. MUX 
multiplexes the full address into the row 
and column addresses for input to the 
DRAM. 


SECTION 11-16 


1. (a) True (b) False (c) False 
(d) True 2. MUX 


SECTION 11-17 


1. (a) True (b) False 2. it 
provides row addresses to the DRAM 
during refresh cycles. 3. Address 


multiplexing and the refresh operation 
4. (a) False (b) True 


SECTION 11-18 


1. Sixteen 2. Four 3. False; when 
expanding memory capacity, each chip is 
selected by a different decoder output 
(see Figure 11-42). 4. True 


SECTION 11-19 


1. Battery-backup for CMOS RAM; flash 
memory 2. Economics 3. Data are 
read out of memory in the same order 
they were written in. 4. A FIFO used 
to transfer data between devices with 
widely different operating speeds 


SECTION 11-20 


1. Prevents decoding glitches by disabling 
the decoder while the address lines are 
changing 2. A way to test RAM by 
writing a checkerboard pattern (first 
01010101, then 10101010) into each 
memory location and then reading it. It is 
used because it will detect any shorts or 
interactions between adjacent cells. 

3. An automatic test of RAM performed 
by a computer on power-up 


SECTION 11-21 


1. It is a code placed in the last one or 
two ROM locations that represents the 
sum of the expected ROM data from all 
other locations. It is used as a means to 
test for errors in one or more ROM 
locations. 


ANSWERS TO SECTION REVIEW QUESTIONS 
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Applications of a 
Programmable Logic Device 


vy Neal S. Widmer 


OBJECTIVES 


12-1 The GAL 16V8A (Generic Array 
Logic) 


12-2 Programming PLDS 
12-3 Development Software 


12-4 Universal Compiler for 
Programmable Logic (CUPL) 


12-5 Final Comments 


Diagrams of the GAL 16V8A device presented in this chapter have been reproduced through the courtesy 
of Lattice Semiconductor Corporation, Hillsboro, Oregon. 


OBJECTIVES 


Upon completion of this chapter, you will be able to: 


m Identify applications of programmable logic devices. 


m Understand the hardware architecture of a typical programmable logic 
device. 


m Use software tools capable of programming a large variety of program- 
mable devices. 


@ Implement a logic design completely using programmable logic devices. 


See 


Se 


eee 


Fees 


N 


: 

“ 
Throughout this book we have examined the various building blocks of digital 
systems. As each building block was described, an actual integrated circuit was 
cited that could be used to implement the logic function in a circuit. Many systems 
in use today are combinations of integrated circuits that meet the needs of the sys- 
tem. Imagine for a moment that you are the circuit designer and have developed a 
conceptual circuit made up of combinational logic, decoders, counters, registers, 
and so on. How will you actually implement your conceptual circuit? How will 
you prove that your design works? Once the actual parts have been specified and 
the final schematic diagram is drawn, you would probably build it on a bread- 
board. 

This process is, by nature, prone to errors in wiring. Use of many different 
integrated circuits tends to create massive numbers of interconnecting wires. Even 
with very orderly breadboarding techniques, it is often very difficult to trace the 
path of a wire in a circuit visually. By using the troubleshooting techniques pre- 
sented in this book, the problem can be isolated, but correcting a wiring error may 
still be difficult on the breadboard. 

Imagine being able to consolidate all the various devices into a single inte- 
grated circuit that has been “programmed” to behave as needed by your circuit de- 
sign. The programmable logic devices introduced in Chapter 11 provide this capa- 
bility. Using these devices, the possibility of errors shifts from the wiring to the 
programming. Consequently, a device that is capable of being erased and repro- 
grammed is ideal in situations where it is likely that changes and revisions will be 
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made repeatedly. The purpose of this chapter is to provide more detailed informa- 
tion on specific programmable devices (PLDs) that are reprogrammable. We will 
also discuss the tools and methods used to develop logic designs into working cir- 
cuits using programmable logic. 

The greatest part of this chapter covers a particular device, the GAL 10V8A. It 
has been selected for its compatibility with nearly all PAL devices, its reasonable 
cost, and its ability to be erased and reprogrammed. These features lend them- 
selves well to the laboratory and prototyping environments. The concepts that 
apply to this device are equally applicable to other types of PLDs. CUPL, one of 
the many software packages used to program PLDs, will also be described to en- 
able you to set up a development system. It was chosen because of its ease of use, 
popularity in industry, and the company’s willingness to allow it to be distributed 
with this book. 


12-1 THE GAL 16V8A (GENERIC ARRAY LOGIC) 


The GAL 16V8A was introduced by Lattice Semiconductor. Its architecture is very 
similar to the PAL devices described in Chapter 11 (Figure 11-21). Consequently, it 
can be used as a generic pin-compatible replacement for most PAL devices. In- 
stead of using one-time programmable fuse links to select the input terms that pro- 
duce the proper product terms, the GAL devices use an EEPROM array. Certain lo- 
cations in the memory array are designated to control programmable connections 
for the input term matrix. Each bit in the input term matrix represents a program- 
mable connection between a row and a column. This allows the device to be 
erased and reprogrammed. CMOS technology allows the device to operate at low 
power with speeds comparable to TTL. Fortunately, it is not necessary to delve 
into the addresses of each bit location in the matrix. The programming software 
takes care of these details in a user-friendly manner. 

The complete logic diagram of the GAL 160V8A is shown in Figure 12-1. This 
device has eight dedicated input pins (pins 2-9), two special function inputs (pins 
1 and 11), and eight pins (12-19) that can be used as inputs or outputs. The major 
components of the GAL devices are the input term matrix; the AND gates, which 
generate the products of input terms; and the output logic macro cells (OLMC). 
Notice that the eight inputs (pins 2-9) are connected directly to the columns of the 
input term matrix. The complement of each of these inputs is also connected to 
the columns of the matrix. These pins must always be specified as inputs when 
programming the 16V8A. A logic level and its complement are also fed from each 
OLMC back to the columns of the input matrix. The source of these logic levels is 
determined by the configuration of each OLMC, as will be discussed later. This ac- 
counts for the 32 input variables (columns in the input matrix) that can be pro- 
grammed as connections to the 64 multiple-input AND gates. 

Recall from Chapter 11 that the single row line shown as an input to the 
AND gates actually represents up to 32 inputs to the gate. Any column that is 
shown as connected (designated by an X) to a row is being ANDed with any other 
column that is connected to the same row. In the input matrix, any column may 
be connected to an AND gate input row during the programming process. 

The flexibility of the GAL 16V8A lies in its programmable output logic macro 
cell. Eight different products (outputs of AND gates) are applied as inputs to each 
of the eight output logic macro cells. Within each OLMC the products are ORed to- 
gether to generate the sum-of-products (SOP). Recall from Chapter 4 that any logic 
function can be expressed in SOP form. Within the OLMC, the SOP output may be 
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Figure 12-2 Output logic macro cell for GAL 16V8A. 
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routed to the output pin to implement a combinational circuit, or clocked into a D 
flip-flop to implement a registered output circuit. 

To understand the detailed operation of the OLMC, refer to Figure 12-2, 
which shows the structure of OLMC(7), where 7 is a number from 12 to 19. Notice 
that seven of the products are unconditionally connected to the OR gate inputs. 
The eighth product term is connected to a two-input product term multiplexer 
(PTMUX) which drives the eighth input to the OR gate. The eighth product term 
also connects to one input of a four-input multiplexer (TSMUX) which enables the 
tristate inverter that drives the output pin C/O[”]). The output multiplexer (OMUX) 
is a two-input MUX that selects between the combinational output (OR gate) and 
the registered output (the D flip-flop). A fourth MUX selects the logic signal that is 
fed back to the input matrix. This is called the feedback multiplexer (FMUX). 

Each of these multiplexers is controlled by programmable bits in the 
EEPROM matrix. This is the way that the OLMC configuration can be altered by 
the programmer. Another programmable bit is the input to the XOR gate. This pro- 
vides the programmable output polarity feature as described in Chapter 11. Recall 
that an XOR gate can be used to complement a logic signal selectively, as shown 
in Figure 12-3. 

We can understand the various configuration options by studying the possi- 
ble inputs to each multiplexer. The TSMUX controls the tristate buffer’s enable 
input. If the Vcc input is selected, the output is always enabled Cike a standard 
combinational logic gate). If the grounded input is selected, the tristate output of 
the inverter is always in its high-impedance state (allowing the I/O pin to be used 
as an input). Another input to the MUX that may be selected comes from the OE 
input, which is pin 11. This allows the output to be enabled or disabled by an ex- 
ternal logic signal applied to pin 11. The last possible input selection is a product 
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Figure 12-3. Using XOR to selectively complement. 


term from the eighth AND gate. This allows an AND combination of input terms to 
enable or disable the output. 

The FMUX selects the signal that is fed back into the input matrix. In this 
case there are three possible selections. Selecting the MUX input that is connected 
to an adjacent stage or the MUX input connected to its own OLMC I/O pin allows 
an existing output state to be fed back to the input matrix in some of the modes of 
operation. This feature gives the GAL 16V8A the ability to implement sequential 
circuits such as the cross-coupled NAND gate latch circuit described in Chapter 5. 
These feedback options also allow I/O pins to be used as a dedicated input as op- 
posed to an output. One of these two feedback paths is chosen, depending on the 
MODE that the chip is programmed for. The third option, selecting the output 
from the D flip-flop, allows the present state of the flip flop (which can be used to 
determine the next state) to be fed back to the input matrix. This allows synchro- 
nous sequential circuits to be implemented such as counters and shift registers. 

With all of these options it would seem that there must be a long list of pos- 
sible configurations. In actual practice all of these configuration decisions are 
made by the software as we will see later in this chapter. Actually, the GAL 16V8A 
has only three different modes, but it is very important to understand how the 
hardware is configured in each mode in order to understand the capabilities and 
limitations of the device. The three configuration modes are (1) Simple mode 
which is used to implement simple SOP combinational logic without tri-state out- 
puts; (2) Complex mode which implements SOP combinational logic with tri-state 
outputs that are enabled by an AND product expression; (3) Registered mode 
Which allows individual OLMCs to operate in a combinational configuration with 
tri-state outputs (similar to complex mode) or in a synchronous mode with 
clocked D FFs synched to a common clock signal. 

Row 60 of the EEPROM array stores the 82-bit architecture control word. 
Each of the bits plays a role in determining the hardware configuration of the 
OLMCs. Figure 12-4 shows how the bits are arranged. Unless you are manually 
programming the GAL 16V8A (almost never done), you will not have to be con- 


Figure 12-4 The architecture control word for GAL 16V8A. 


PT63 PT32 PT31 PTO 


32 bits oz bits 
PRODUCT TERM PRODUCT TERM 


DISABLE DISABLE 
(PTD) (PTD) 


12 13 14 15 12 13 14 15 16 17 1819 16 17 18 19 


SECTION 12-1 / THE GAL 16V8A (GENERIC ARRAY LOGIC) 719 


120 


cerned about the bit pattern of this control word; it will be taken care of by the 
programming software. You should, however, understand the functions of each bit. 
The SYN and ACO bits are used to specify one of the three configuration modes 
above for the entire chip. The AC1(7) bits (one per OLMC) determine the opera- 
tion of each individual OLMC in that mode. The eight XOR(7) bits are used to se- 
lectively complement the respective OLMC outputs. The 64 Product Term Disable 
(PTD) bits are used to disable those AND gates in the array that are not being 
used. 


Simple Mode The chip is programmed in the simple mode by setting 
SYN = 1 and ACO = 0 in the control word. In this mode two possible configura- 
tions are possible for each macrocell (OLMC): 


Dedicated input [when AC1(7) = 1] 
Dedicated combinational output [when AC1(7) = 0] 


Each OLMC is independently programmed in one of these two configurations. The 
dedicated input configuration connects an OLMC I/O pin to the input matrix by 
routing the signal through the adjacent OLMC, indicated by the colored line in Fig- 
ure 12-5 for OLMC 18. The tristate inverter is unconditionally disabled (high im- 
pedance). Pin 11 and pin 1 serve as inputs that are routed through OLMC 12 and 
19, respectively. Pins 15 and 16 cannot be used as dedicated input since they do 
not have a connection to an adjacent cell. 

The dedicated output configuration for an OLMC has the tristate inverter en- 
abled at all times as shown in Figure 12-5 for OLMC 19. This is the only configura- 
tion capable of getting eight product terms into an SOP expression to generate a 
combinational output. OLMC 15 and 16 are always in the dedicated output config- 
uration with no feedback in the simple mode. The other six OLMCs are capable of 
having their outputs fed back into the input matrix by way of an adjacent cell. For 
example, note how the OLMC 19 output is fed back to the input matrix through 
OLMC 18. 


EXAMPLE 12-1 


The circuit from Chapter 3, Figure 3-17 can be represented as the Boolean expres- 
sion: y= AC + BC + ABC. If a GAL 16V8A were used to implement this circuit, 
which mode would be used, and how would the hardware be programmed? 


solution 


The expression is simple SOP combinational logic with no need for tristate out- 
puts, so the simple mode is used (SYN = 1, ACO = 0). The hardware is configured 
as shown in Figure 12-6. OLMC 19 is configured as a dedicated output [AC1019) = 
O]. Note the matrix connections for generating the desired SOP expression. 


Why is it important to know so many details if the software will take care of 
all the programming? The designer must decide which pins will be connected (and 
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Figure 12-6 Simple combinational logic implementation. 
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programmed) as inputs and outputs. If the designer assigns pin 15 as an input and 
also specifies eight different product terms in a single SOP expression, the soft- 
ware will generate an error message. This is because the simple mode is required 
for eight product terms, but pin 15 cannot be used as an input in the simple 
mode. However, if pin 15 were used as an output and pin 14 served as the input, 
the software would program the device in the simple mode. 


Complex Mode The complex mode is defined by SYN = 1 and ACO = 1. 
The AC1 bit for each OLMC is also logic 1. Figure 12-7 shows the logic diagram for 
the 16V8A. The tristate inverter that drives the output pin is enabled by a product 
expression. In other words, a logic expression must be specified in order to enable 
the output. This leaves seven products that can be ORed together to produce the 
SOP output. The logic states on the output pins of OLMC 13-18 are also fed back 
through their respective OLMC to the input matrix. OLMC 12 and 19 do not have 
feedback or input capability since the feedback path is used to allow pins 11 and 
1 to be used as inputs. In this figure, pin 19 is shown to be a dedicated output 
with no feedback, pin 18 is an input, and pin 17 is an output with feedback. Pin 
17 can also serve as an input when the tristate inverter is disabled. 


EXAMPLE 12-2 


Determine the mode, write the logic equations and draw the hardware configura- 
tion of a D latch with tristate outputs enabled by CS1 and CS2, as shown in Figure 
12-8(a). 
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Solution 


Since no clocked (registered) outputs are needed, but tristate outputs are specified, 
the complex mode is used. The equations are: 


Output Enable = CS1 + CS2 
Q= D-EN+ Q- EN 


The GAL 16V8A configuration is shown in Figure 12-8(b) with OLMC(17) used to 
generate QO. Note the matrix connections for implementing the equations. 
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(b) 
Figure 12-8 (a) Transparent latch with tri-state outputs. (b) Complex mode implementation of the latch. 


724 ~— CHAPTER 12 / APPLICATIONS OF A PROGRAMMABLE LOGIC DEVICE 


Registered Mode The registered mode is characterized by SYN = 0 and 
ACO = 1. There are two possible configurations for each OLMC in this mode: 


1. Registered configuration (when AC1 = 0) 
2. Combinational configuration (when AC1 = 1) 


The combinational configuration (Figure 12-9, OLMCs 12 and 18) is similar to 
OLMC operation in the complex mode. The output enable is controlled by a prod- 
uct expression from the input matrix. This can provide the ability to use bidirec- 
tional I/O in bus applications. The output signal is also fed back into the input 
matrix through the corresponding OLMC. 

The registered configuration (OLMCs 13-17, 19) uses a D flip-flop in each 
OLMC to synchronize all registered output data to a common clock edge. Pin 1 is 
the dedicated input pin for the clock signal. All of the tristate inverters for the 
OLMCs that are configured as registered output are controlled by pin 11 (OE). The 
registered outputs have up to eight product terms for the SOP logic that drives the 
D input to the flip-flop. 


EXAMPLE 12-83 


Determine the GAL 160V8A mode, write the logic equations, and draw the hard- 
ware configuration of a 2-bit, MOD-4 up counter with a decoded output for the 
QA, QB = 1,1 state, as shown in Figure 12-10(a). 


Solution 


The Mod-4 counter requires registered mode. The equations for the flip-flop D in- 
puts and the decoder output are 
Dsa= OA (the D input of flip-flop A) 
Dg = OB: OA+OB:QOA (the D input of FFB) 
DECODE = QB: QA 
The hardware configuration is shown in Figure 12-10(b). You should trace through 
the logic to verify that the expressions above are implemented correctly. 


REVIEW QUESTIONS 


. Name two advantages of GAL devices over PAL devices. 
. Name the three modes of operation for a GAL 16V8A. 

. Name each OLMC configuration within each mode. 

. In which mode is the tristate output controlled by pin 11? 


Wom W N = 


. In which mode is pin 1 dedicated as a clock input? 


{2-2 PROGRAMMING PLDs 


We have discussed the concept of programming PROMS, EPROMS, EEPROMS, and 
PLDs in Chapter 11. Obviously, there must be a better way to specify a configura- 
tion for a PLD than drawing X’s and O’s on a matrix diagram. To understand and 
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Figure 12-9 OLMC configurations in the registered mode. 
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appreciate the role of development software, let’s examine some details in the 
process of programming a PLD. 

Several pieces of equipment are necessary in order to design and build cir- 
cuits using PLDs: 


m Personal computer (PC) 

m PLD development software 

m Programming fixture 

m Software to drive the programming fixture 
m Programmable logic device 


Figure 12-11 shows a typical programing setup. The initial design is entered into 
the computer in one of several possible ways which will be discussed shortly. The 
PC, running the development software, translates the input design into a file called 
a “fuse plot.” This file is like a map that shows which fuses in a programmable de- 
vice are to be zapped open and which ones are to remain intact. The fuse plot is 
then translated into a suitable output file format for transmission to the program- 
ming fixture (device programmer). 


PLD , 
Programming 
Development 
Software 
Software 


Figure 12-11 A PLD development system. 


The programming software that communicates with the programming fixture 
is then invoked on the PC. This allows the user to inform the programming fixture 
of the type of device that is to be programmed. The output file is then sent over a 
cable to the programming device. This process is called downloading. Finally, the 
PLD is inserted into the programming fixture socket and the command is sent from 
the PC to program the part. Programming fixtures normally have a special socket 
that allows you to drop the chip in and then clamp the contacts to the pins. This is 
called a zero insertion force (ZIF) socket. Universal programmers that can program 
almost any type of device, including PROMs, EPROMs, single-chip microcomput- 
ers, and a host of PLDs, are available from numerous manufacturers. Logical De- 
vices’ ALLPRO series of programming fixtures, for example, are available in the 
price range $1000 to $2000. Simpler programming fixtures that can only program 
PLDs are available from Programmable Logic Technologies, Inc. in the price range 
$100 to $500. 
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Fortunately, as programmable parts began to proliferate, manufacturers saw 
the need to standardize pin assignments and programming methods. As a result, 
the Joint Electronic Device Engineering Council (GEDEC) was formed. One of the 
results was JEDEC standard 3, a standard format for transferring programming data 
for PLDs, independent of the PLD manufacturer or programming software. Pin as- 
signments for various IC packages were also standardized, making universal pro- 
grammers less complicated. Consequently, programming fixtures are able to pro- 
gram numerous types of PLDs. The software that allows the designer to specify a 
configuration for a PLD simply needs to produce an output file that conforms to 
the JEDEC standard. Then this JEDEC file can be loaded into any JEDEC-compati- 
ble PLD programmer that is capable of programming the desired type of PLD. 


REVIEW Q)UESTIONS 


1. Name the two software packages that are used to HEU PLD circuits. 
2. What is (a) a fuse plot; (b) an output file? 
3. What is a JEDEC file? 


12-3 DEVELOPMENT SOFTWARE 


The process of generating a JEDEC file to transfer a design to the PLD program- 
ming fixture would be extremely tedious if done by hand. Over the past 10 years, 
many software packages have been developed to allow the user to enter their de- 
sign in some convenient way and then automatically create the JEDEC file for the 
specified device. These software packages fall into two main categories: low-level 
development systems and high-level logic compilers. 

There are similarities in these two types of development software. For exam- 
ple, all software packages require some type of input file. This is usually an ASCII 
text file, created on any generic editor. In this file the programmable device type is 
specified, along with other assorted information, such as designer name, date, revi- 
sion, an so on. The pin assignments must also be specified and labeled with input 
and output signal names. The major differences between low-level and high-level 
development tools (i.e., software) lie in the methods used to define the relation- 
ship between the inputs and the outputs. 

Low-level development tools are usually inexpensive and require minimal 
computer resources. The input file for these tools contains the Boolean logic equa- 
tions, which specify the logical operation of the device. Many of these low-level 
tools are able to simplify the equations that are in the input file, using reduction 
algorithms similar to those you have learned in previous chapters. This feature 
helps the designer by allowing the logic to be specified in the most straightforward 
form without trying to minimize the equations. If the minimized form of the logic 
equation cannot be programmed into the device, an error message is generated. 
The low-level tools typically have fewer error messages and they are harder to in- 
terpret than the high-level compilers. 

High-level compilers will accept the Boolean equations in an ASCII input file, 
just like the less powerful tools. However, they have several other options for 
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specifying the circuit operation. One of these options is called schematic capture. 
This mode of entry allows the operation to be specified simply by drawing a logic 
circuit schematic diagram using a CAD (computer aided design) software package. 
This graphic file is then translated into some form of net list which specifies the 
types of components and how they are connected. Several different programs may 
be necessary to “massage” the various types of CAD drawings into the form ac- 
ceptable to the compiler. This method may be quite helpful in retrofitting an exist- 
ing circuit to use PLDs. 

As you have learned from previous chapters, logic circuits are designed by 
starting with things like truth tables and state tables. These tables are used to sim- 
plify the problem and produce logic relationships that are used to implement an 
actual circuit. You also know that this process is often very long and tedious. The 
high-level compilers allow you to enter your design in the form of truth tables or 
state tables. Some compilers can even accept a timing diagram as the input. The 
high-level compiler software goes through all the tedious steps of reduction, gen- 
eration of logic relationships, and production of the proper type of output file for 
programming the PLD you had in mind. 


REVIEW QUESTIONS 


Describe the difference between low-level development software and 
1igh-level compilers. 


me four ways of entering a design into a compiler. 


12-4 UNIVERSAL COMPILER FOR PROGRAMMABLE 
LOGIC (CUPL) 


Many different software tools are available for developing PLDs. They all have 
shared similarities as well as distinguishing differences. To provide real examples 
of PLD development, we utilize one of the most popular high-level compilers 
available today. It is called CUPL and is available from Logical Devices. CUPL is 
capable of producing programming files for a large variety of programmable de- 
vices. It also allows many of the convenient entry modes described previously. 

The input file contains standard header information that is used by the soft- 
ware to produce the output file and provide documentation of the design. Figure 
12-12 shows a typical input file template for the CUPL compiler, including the 
header information at the top. Normally, a standard input file template like this is 
created and saved using a text editor. Each time a new design is entered the tem- 
plate file is simply edited to fill in the blanks. Notice how the ‘/*” and “*/” are 
used to enclose any comments that might make the input file more understand- 
able. Also notice that each statement must end with a “;”. 

CUPL allows the pin assignments to be entered one by one or by means of a 
shorthand set notation system. Active-low inputs and outputs can be specified in 
the pin definition section by using a “!” in front of the pin name. This is an op- 
tional feature that allows the equations to be written in terms of when they are 
“active” or “asserted” without worrying about whether the active state is repre- 
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Name XXXXX; 


Partno XXXXX; 
Date 
Revision 
Designer 
Company 
Assembly 
Location 
[RRR KE KKK KKK KEKE KEKE KEKE KEKE KK EERE KERR EKER KERERE REE KEK KEKEKKEKKKKKKEKKEE / 
/* */ 
/* */ 
ke * / 
[RRRRRRRR RRR ERK IRR RRRRRRRRRR EKER ERE KEE REE ERE KER KKEER EKER EE / 
/* Target Device */ 
[RRR RRR RRR RRR ERR KR RRR ERR RR RRR AKER ERR ERE REE EEE EERE E ERE / 
/* Inputs */ 
pini = ; [= */ 
pinl = ; [* + 
pin 1 = ’ /* */ 
pinil = /* */ 
pinil = ; ha o/ 
pin 1 = i /* a | 
pin 1 = ; ia =] 
pinl = /* */ 
pin 1 aa ; /* a 
pinl = /* */ 
/* Outputs */ 
pinl = ; ii */ 
pini = ; [> */ 
pin 1 = i [= = 
pinl = /* */ 
pinl = /* */ 
pin 1 = ; tae */ 
pin 1 = ; /* */ 
pin 1 = ; /* * / 


[ RRRRERRREEKK EE KRE RRR ERE KKK RK EERE KEKE EERE ERR KEE REE KEEKEEKEKRKEKEEKKKEKE / 


/* Equations 


*/ 


[ RRRRERKREKREREE ERE EERE EKER EKER EE KR ERE REE RRR EER REE REE KEKE KER EKEEKEKEKEKEKE / 


Figure 12-12 An input file “template” for the CUPL compiler. 


sented by a high or low. Some examples of individual pin assignments are given 
in Figure 12-13 as well as the shorthand version. 

After all of the inputs and outputs are defined, the logic equations that define 
the operation of the circuit may be entered. The format of all equations is: 


variable = logical expression 


Figure 12-13 Methods to specify pin assignments. 


Individual Assignments Shorthand Notation 


PIN 1 = CLK: PIN 1 = CLK; 

PIN 2 = ICLR: PIN [2,3] = ICLRSET| 
PIN 3 = !SET: PIN [4..7}-= (00.31; 
PIN 4 = 00: 

PINS = O71: 

PIN 6 = Q2: 


PIN 7 = Q3; 
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The left side of the equation (variable) may be any defined output name or any 
other intermediate variable name of control signal that is defined in the design. 
The right side of the equation Cogical expression) is any logical combination 
(AND, OR, NOT, XOR) of the variables defined in the design. The proper syntax 
for these logical operators is given in Table 12-1. 


Table 12-1 CUPL Syntax for Logic Operations 


CUPL Conventional 


Function Operation Format Format 
AND & A&B AB 
OR # A#B A+B 
NOT ! 1A A 
XOR . ASB A@B 


In some cases an equation must be written to define the operation of an in- 
ternal point (node) in the PLD. For example, the GAL 16V8A has a tri-state buffer 
associated with each output. In this device’s complex and registered modes this tri- 
state enable is controlled by a product term from the input matrix. Consequently, 
an equation must be written to define the logic to enable the tri-state output. 
CUPL, and many of the other development systems, provide this capability by al- 
lowing extensions of an output variable name. For example, assume that an output 
pin is named DECODE as shown in Figure 12-14. The logic equation with DE- 
CODE as the variable drives the output to logic 1 only when A is high and B is 
low. The logic equation for DECODE.OE defines the conditions for enabling the 


Figure 12-14 Using extensions to specify output enable control. 
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| >< DECODE 


| 
| 
| XOR=1 
a 
l 
C) | , 


LOGIC EQUATIONS 


DECODE =A&!B; {DECODE=AB} _ 
DECODE.OE = !C; {OUTPUT ENABLE = C} 
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tri-state output. In the case shown, the output is in the high impedance state 
whenever input C is high and enabled when C is low. If we wanted to uncondi- 
tionally enable the output we would write the equation 


DECODE.OE = 'b'1 


This specifies that the enable input to the tri-state buffer is at a constant logic 1. 
The 'b' notation is used to tell CUPL that the value specified is 'binary' and not 
decimal or hexadecimal. 

Another example of the use of extensions can be seen in implementing 
clocked, sequential circuits. You will recall from Chapter 7 that state machines 
were designed by writing equations for the inputs to a flip-flop. In the registered 
mode of the GAL 16V8A, equations must be written for the D input of each flip- 
flop which will determine the flip-flop output after the next clocking edge. This is 
accomplished by using the .D extension on the output pin name. For example, the 
equation for the QO output of the D flip-flop which is connected to toggle would 
be: 


Q0.D = !Q0 
To state this expression in words: the D input of the QO flip-flop G.e., QO.D) is 
connected to the complement of the QO output. PLDs other than the GAL 16V8A 
may have need for other extensions that CUPL supports. 


Development Cycle The first step in any design is to thoroughly define 
the problem and its scope. The labeling of all inputs and outputs results from this 
step. The relationship between all inputs and outputs is also defined and may be 
expressed in a number of different ways, such as truth tables, state tables, logic 
equations, or even logic diagrams. The second step is to create the input or 
“source” file in the format required by the compiler. Next, the compiler is invoked 
and given the name of the input file. The compiling process produces a number of 
different output files. The documentation file (DOC for CUPL) contains any error 
messages that were generated by the compiler. The fuse plot file shows the actual 
fuse pattern that will be burned into the programmable device. This file is also 
converted into the JEDEC file to be used by the programmer (.e., programming 
fixture). 

If the compiler generates any error messages, the cause must be determined 
and corrected using the text editor to alter the input file. This process is repeated 
until there are no more errors or warnings. At this point the design may be tested 
using a simulator. A simulator is a computer program that calculates the correct 
output logic states based on a description of the logic circuit and the current in- 
puts. A set of hypothetical inputs that will prove that the device works as expected 
are developed. These are called test vectors. If the test vectors are thorough 
enough, the design can be proven before the first device is programmed. When 
the designer is satisfied that the design will work, the JEDEC file is generated and 
the programming software is invoked. The JEDEC file serves as the input file to 
the programmer and the PLD is placed in the programming fixture. Many program- 
mers also have the capability not only to program the part but also to run the test 
vectors on the input while monitoring the output. This verifies that the PLD is fully 
functional. The PLD is then placed in a circuit and tested functionally with all pe- 
ripheral components. The flowchart of Figure 12-15 demonstrates the complete de- 
velopment process. 
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Create source file 


Edit source file ~ 


N 


Identify Simulate 
design flaw 


N 


Create JEDEC file 
Program PLD 


oS — 


Figure 12-15 PLD development cycle flow chart. 


Troubleshoot 


Examples A simple example using CUPL development software will serve 
to illustrate the process. Refer to the truth table of Figure 12-16, which represents 
the result of the problem statement and scope specification of a design. If we were 
using SSI logic chips, the next step would be simplification using K-maps. It is not 
usually necessary to simplify the design when using PLDs, since the compiler will 
perform the simplification for you. However, the SOP equations must be written 
from the truth table. The next step is to create a source (input) file using the text 


CHAPTER 12 / APPLICATIONS OF A PROGRAMMABLE LOGIC DEVICE 


0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 


0 0 0 | 
0 0 1 —» ABCD 

QO 7 O 

O 7 @) 

1 0 0 a 

1 O 1 — » ABCD nee ae 

17 0 = ABCD + red 

1 7 0 + ABCD + ABCD 

0 O O 

0 O @) 

QO 1 O 

QO 1 O 

1 0 0 7 

1 O 1 —» ABCD 

, —» ABCD Figure 12-16 A combinational 


logic truth table. 


editor. The source file header information is first filled in to provide complete doc- 
umentation as shown in Figure 12-17. The first major decision that must be made 
is selection of the input and output pins. This requires some understanding of the 
architecture of the device that is being programmed. In this simple design using 


Figure 12-17 = The source file for the combinational circuit. 


Name combo.pld; 

Partno L2-1L7; 

Date June 1; 

Revision O01; 

Designer N. Widmer; 

Company Purdue University; 

Assembly Chap. 12; 

Location Tocci text; 

Device G16V8A; 

Format 7 /*  MJEDEC * / 


[BRK KKK KHER RK KEKE ERR KERR ERR ERE KKK KKK KKK ERE KK KEE KKK ER REKRERERERE / 
/* This is a combinational logic example with 4 inputs and one output */ 


/* i | 
/* =) 
[BRK K KERR RR RE RRR ERIK RRR RR RRR REE KIER RIKI IKKE RRR K KAKI RRER ERE / 
/* Target Device Gal 16V8A * / 
[ERK RHKKKEREK KKK EERE RE RR EKER ERE EKER ERR REE KEK ERE KKK KEKE EERE RERKEKEEE | 
/* Inputs */ 

pin 1 =A : /* Notice use of PIN 1 as input.*/ 
pin 2 = B ; /* B, C, AND D are normal inputs*/ 
pin 3 = C : /* * / 
pin 4 = D ; /* */ 
/* Outputs */ 

pin 19 = xX ; /* Pin 12 is the output */ 


[RRR KKK KIRKE KKK RR RRR KIKI RIKER KEK KI KIRK HK IKK KIKI K HEIR REE / 
/* Equations * / 
[BERR K KKK KKK RRR RRR RRR RRR RRR EKER KKK KKK KKK IKKE EER REE / 


X = !A&!B&!C&D # !A&B&!CE&D # A&B&!CED # A&BE&CED; 
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HRHKEEKEKEEKKEKKKEEKEKKEKEKKKEEKKREKKEEKEKKKKEEKKKEEKKKKKKKKKKKKKKKKKKKK KKK KKK 


combo.pld 


KHREKKEKEKEKEEKKEEKKEEKEEKKEKKEKKKEEKREKREKEKKEEKKEKEKEEKKEKKEKKEKKEKEKKREKKKEKKKKKEKEKKKEE 


x => 
'A & !C & D 
#FA&BED 
Fuse Plot 

Syn 02192 - AcO 02193 x 
Pin #19 02048 Pol - 02120 Acl1 x 

O0000 ——-xX-X——- Xm nH ee ee 

00032 x-x----- De en ee 


00064 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 
00096 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 
00128 xXxXxXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 
00160 XXXxXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 
00192 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 
00224 XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 


Figure 12-18 The documentation file with fuse plot. 


the GAL 16V8A, almost any pins other than Vec and ground could have been used 
as inputs. The output pin must be chosen from among pins 12-19. Finally, a single 
expression is written in unreduced SOP form to specify the operation of the out- 
put pin. Note the symbols used for the logic operations. 

The source file shown in Figure 12-17 is in a very straightforward form and is 
compatible with most software tools with only slight modification. The compiler 
actually reduces the logic equation and then produces a documentation file that 
shows the reduced equations and the actual fuse plot for programming the device. 
Portions of the documentation file for this design are shown in Figure 12-18. No- 
tice that the reduced expression is the same as the result that would be obtained 
using K-mapping. The fuse plot recreates the input matrix, identifying each pro- 
grammable bit by an address. Each position designated by an “x”” indicates a 
row/column connection (fuse not blown). Each position designated by a “-” indi- 
cates a blown fuse and no connection between the row and a column. Figure 
12-19 shows the fuse plot superimposed over the architectural diagram of the GAL 
16V8A for this design. The mode select bits (SYN = 1, ACO = 0) are set for the 
simple mode, and AC1 = 0 for OLMC 19 to produce the combinational output con- 
figuration. 

The previous example is quite trivial and serves only to demonstrate the de- 
tails of PLD development. This circuit could be implemented using similar board 
space, power requirements, and speed, and at lower cost, using conventional logic 
gates. The real power of a PLD is seen when implementing circuits that have no 
conventional alternative or that would require numerous conventional chips. The 
next example shows a combinational circuit design that requires a monstrous com- 
bination of conventional TTL gates to implement. Yet this very functional circuit 
can be implemented on a single GAL 16V8A at a very reasonable cost. 
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Figure 12-19 The PLD implementation of the circuit. 


EXAMPLE 12-4 


Design a digital system that will indicate which contestant in a quiz or trivia-type 


game answers a question first. The system must have a momentary contact push- 
button input for each of six contestants and six LEDs to indicate which contestant 
hit the button first. A reset pushbutton must be provided for the host/moderator to 


clear all lights. 


solution 


ents of this problem have elements of combinational logic as well as 


sequential logic. Consider the conditions under which any given contestant's light 


ein) 


The requir 


ht N should be on IF either of the following occurs: 


should be on. Lig 


1. Contestant Nis pushing the button 


AND no other contestant has his/her light on 


ohts. 


AND the host is not trying to reset the li 


OR 


2. Contestant N’s light is already on 


AND the host is not trying to reset the lights. 


The first condition specifies a combination of inputs to turn on the light. The sec- 


ond condition creates the latching action (sequential) to keep the light on after all 


buttons are released. 
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The first step in implementing the PLD solution is to name all the inputs and 
outputs and specify the active logic levels needed. Switches 1-6, labeled S1-S6, 
are active HIGH. The RESET input is also active HIGH. Each of the outputs labeled 
L1-L6 should be active LOW to light the LEDs since the outputs can sink more 


Figure 12-20 The “tie-breaker” source file. 


Name GAME.PLD; 

Partno 12-20; 

Date June 1; 

Revision 01; 

Designer N. Widmer; 

Company Purdue; 

Assembly CHAP. 12; 

Location Tocci text; 

Device G16V8A; 

Format 413 /* JEDEC * / 


[ERK KHKRRK KKK HEE ERE KKK KERR RRR REE KERR ERK KEKE ERE R ERE REE ER EREREREKEKEEKEE / 
/* THIS DEVICE IS A "TIE BREAKER" FOR USE WITH TRIVIA QUIZ TYPE GAMES */ 


/* dl d 
/* ay 
[RRR RRR RRR RRR RRR IKKE KIRKE KKK IIR I KERRIER / 
/* Target Device GAL 16V8A * / 


[ RRREREKEKEKRE KEKE KE REE RE KE RERE KEKE KEKE EERE KEKE KKKEKKEKEKREKKEKEKEKEKEKEK / 
/* Inputs */ 


pin [2.7 ) = (S1..6] /* These six inputs (S1-S6) * / 
/* are for the six players. * / 
/* They would be connected * / 
/* to normally low, momentary */ 
/* contact, push buttons. * / 
hal */ 
pin 9 = RESET ; /* This push button switch is 
used by the host to clear 
the lights. * / 
/* Outputs */ 
pin 12 = !Ll : /* These outputs go to lights */ 
pin 13 = !L2 : /* that indicate which player */ 
pin 14 = !L3 ; /* answered first. * / 
pin 17 = !L4 ; /* Notice that they are made * / 
pin 18 = !L5 ; /* active LOW by using ! in * / 
pin 19 = !L6 ; /* the output definition. */ 
[RR RRR RRR RRR REE IKKE RR REE K ERE KERRI KI IKK KKK KKK KEE RRR IKE / 
/* Equations * / 


[ ERRKREKKKKE ERK ERE EERE ERK EKER KEKE KEKE KKK KKK KEK KEE KKK KKK EK KKK KEKE KEKEKEKKEEKEEE / 


L1 = !RESET & Sl & 'L2 & !L3 & !L4 & !L5 & !L6 # ‘!RESET & L1; 
L2 = !RESET & S2 & !L1 & !'L3 & !L4 & !L5 & !L6 # !RESET & L2; 
L3 = !RESET & S3 & !L1 & !L2 & {114 & !L5 & !L6 # !RESET & L3; 
L4 = !RESET & S4 & !L1 & !L2 & !L3 & 'L5 & !L6 # !RESET & L4; 
LS = !RESET & SS & !L1 & !L2 & !L3 & !L4 & !'L6 # !RESET & L5; 
L6 = !RESET & S6 & !L1 & !L2 & !L3 & !L4 & !L5 # !RESET & L6; 
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current than they can source (refer back to Chapter 8). Using these labels, the 
logic statement above can be written as the following expression for output L1. 


L1 = S1 & !L2 & !L3 & !L4 & !L5 & !L6 & !RESET + L1 & !RESET 
Aaa ome a 


a 
Condition 1 Condition 2 


The CUPL source file is shown in Figure 12-20. The inputs are designated using 
CUPL’s set notation. Any of the input pins (1-9, or 11) could be selected for the 
switch inputs. The output pins are selected as shown because this design is imple- 
mented in the simple mode. In the simple mode pins 15 and 16 do not have feed- 
back capability, so these two outputs are avoided. Note that to designate an out- 
put as active LOW, the complement operator (!) is used before the pin label 
definition. This tells the compiler to make the output go LOW when it is active 
while the logic equation expresses the positive logic required to make it active. 
CUPL automatically takes care of complementing the outputs and any feedback 
terms as needed. 

Imagine trying to build this circuit using TTL logic. It can be implemented 
completely using a single GAL 16V8A. 


Circuits with registered outputs can also be implemented using the GAL 
10V8A. In Chapter 7 we explored synchronous counter design using JK flip-flops. 
All possible present states were listed in a table along with their correct “next 
states.” Then, the present states of the JK inputs required to cause these changes in 
state were specified, resulting in equations for each J and K input. 

The same concept is used when designing synchronous circuits with a PLD. 
However, the GAL 16V8A has D flip-flops in the OLMCs instead of JK flip-flops. 
This actually makes the process much simpler since you have only one equation 
to write for each D input. The equation is simply a logical expression describing 
the desired next state. 


EXAMPLE 12-5 


To illustrate the process, we implement the synchronous counter from Section 7-14 
(Figure 7-33) using PLDs. The first step is still to create a present state/next state 
table as shown in the synchronous design procedure (step 3) of Section 7-14. 
Think of this as a set of three truth tables, specifying the next state of each flip- 
flop based on the present state of all the inputs. From this table the unreduced 
SOP expressions for the next state of each output are: 


Next state of C=!IC&B&A 
Next stateof B=!C&!IB&AFIC&BS&I!A 
Next stateof A=!C&!IB&!IAF!ICK& BIA 


Since the next state of a D flip-flop is determined by the present state of the D 
input, these are also the equations needed to drive the D inputs. The resulting 
source file then is as shown in Figure 12-21. Remember, C.D is the CUPL notation 
for the D input of FFC; similarly for B.D and A.D. 
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Name Counter.PLD; 


Partno 12-21; 

Date June 1; 

Revision O21; 

Designer N. Widmer; 

Company Purdue University; 

Assembly Chap. 12; 

Location Tocci Text; 

Device G16V8A; 

Format 13 

[AGRE EAALEA SE SSD ERT ee SSE ee A ee ee ee ee ee ey 
/* This device will function as a MOD 5 counter. * / 
/* Oo>1>2>3>4> 0 All other states go to 0. * / 
[RRRKK KIRKE RIKI KEKE ERIK RRR ERIE IRR RRR RII RR RIKER RRR KERR E AAR EERE / 
/* Target Device GAL 16V8A * / 
[RRR I RHR IIR KR I IKE HRA RRR IRE RIKER IIR ERK KERR KR RRR K RRR RERE / 
/* Inputs */ 

PIN 1 = CK; /* clock input (must be pin 1) */ 

/* There are no combinational inputs to this MOD 5 counter * / 
/* Outputs */ 

pin19 =C : /* Most significant output * / 
pin18 =B ; */ 
pin17 =A ; /* Least significant output * / 


[ RRR K EKER ERE KEKE KKK KKK KKK KHER ERE RE RRR KKK KEE KER ERE EKER ERE E KEKE EEEEE / 
/* Equations * / 


[RRRRKRRRERE REE HHH KKK KKK KEKE KEKE EERE RRR EK EKER KERR KER ER ERE EKER KERR EEEEEE / 


C.D= !C & B&A; 


B.D 


'c& IB& A # !C & B & !A; 
A.D= !cC & !B & !A # !C & B & !A; 


Figure 12-21 A MOD 5 counter source file. 


REVIEW QUESTIONS 


: | What are the /* */ characters used for in the input file? 
_ a What i is the purpose of using OE on an Slee mone 


3. Describe. what ae D represents. 


5. Whi h output file identifies compiling Som 


6. In which file do you c correct comping: errors? 


12-5 FINAL COMMENTS 


In this chapter we have provided a detailed description of one particular program- 
mable logic device, the GAL 16V8A. Although this description is adequate to get us 
started using PLDs, it does not provide exhaustive coverage of either the CUPL 
software or the GAL 16V8A. A more complete understanding can best be obtained 
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by using the tools while experimenting with PLDs. The software provided with this 
book can be used to do exactly that. 

As we come to appreciate the advantages of this particular PLD over SSI and 
MSI ICs, keep in mind that this device (the GAL 16V8A) represents only the sim- 
plest of programmable logic devices. Much larger and more powerful programma- 
ble devices are available. A very common part that is used widely today is the 
22V10. Several manufacturers offer this part and it is available in one-time pro- 
grammable as well as erasable versions. It offers more inputs and more OLMCs. 
However, its architecture is very similar to that of the GAL 16V8A. 

The CUPL compiler is very versatile, and although the parts library that is 
supplied with this book is very limited, nearly any programmable device can be 
handled by the complete industrial software package from Logical Devices. The 
syntax that we have learned in this chapter will apply to many other types of de- 
vices programmed through CUPL. 

More advanced devices are also available that offer much higher levels of 
functionality and complexity. Many manufacturers now offer field-programmable 
gate arrays (FPGAs). An FPGA can be thought of as an array of PLD-like cells 
arranged on a single IC chip. Each cell can be programmed to behave in a specific 
manner, and the interconnections between all the cells are also programmable. 
This allows the designer to develop very complex custom integrated circuits that 
serve the needs of his/her application. The term application-specific integrated cir- 
cuits (ASICS) is often used to describe these as well as other nonprogrammable 
devices that are developed for a specific application. 

The field of programmable logic devices is destined to continue to grow. 
These devices may completely displace the conventional SSI and MSI logic circuits 
that have served technology so well for over 25 years. This chapter has provided a 
foundation to build upon in this exciting and progressive field. Table 12-2 lists 
some vendors of the building materials you will need. 


Table 12-2) Sources of PLD Development Tools 


™ Se ee = , . 
_ Programming — Programming 
_ Software _ Fixtures Fixtures _ 
Minc, Inc. CUPL Jameco 


6755 Earl Dr. 
Colorado Springs, CO 
80918 

1=719-590-1155 


Orcad Systems Corp. 


9300 SW Nimbus Ave. 


Beaverton, OR 97005 
1-503-671-9500 


Logical Devices, Inc. 
692 S. Military Trail 
Deerfield Beech, FL 
33442 
1-800-331-7766 
1-305-428-6868 


ABEL 
Data I/O Corp. 


10525 Willows Rd, N.E. 


Redmond, WA 98073 
1-800-247-5700 
1-206-881-6444 


LC9000 
Programmable Logic 
Technologies, Inc. 
PO Box 1567 
Longmont, CO 80501 
1-303-772-9059 


1355 Shoreway Road 
Belmont, CA 94002 
1-800-831-8020 
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PROBLEMS 


SECTION 12-1 


12-1. 


12-2. 


12-3. 


12-4. 


12-5. 


12-6. 


Make up a table listing each mode and configuration for a GAL OLMC 
along with its control bit settings (SYN, ACO, AC1). Identify which OLMCs 
can be used in each configuration. 

Identify all the modes that could be used to implement: 

(a) AD latch with tristate outputs 

(b) A D flip-flop 

(c) A synchronous counter circuit 

(d) A decoder circuit 

For each mode and configuration, what is the maximum number of prod- 
uct terms in the SOP expression? 

Identify the source of the feedback signal (FMUX) for each mode and con- 
figuration. 

Identify the source of the tristate enable (TSMUX) for each mode and con- 
figuration. 

Verify that by programming the XOR bit HIGH that the actual output pin 
will be the same as the OR gate output in the OLMC for Examples 12-1, 
12-2, and 12-3. 


SECTION 12-2 


12-7. 


List the equipment needed to develop circuits using PLDs. 


SECTION 12-4 


12-8. 


12-9. 


12-10. 


12-11. 


Write out a source file that would program a GAL 10V8A to function as a 
74LS138 3-line-to-8-line decoder. 


Draw the complete logic diagram for the “tiebreaker” (Example 12-4) if it 
was implemented using conventional TTL chips. 


Write out a CUPL source file that would program a GAL 16V8A to function 
as a MOD 8 binary counter. 


A stepper motor can be made to rotate by energizing its four phase wind- 
ings in the following sequence: 

L- 1 0 

100 1 

O10 1 

O11 0 


Write the equations in CUPL format that will create a counter that can 
drive the stepper motor. 


. By sequencing through the states in Problem 12-11 in the opposite direc- 


tion, a stepper motor will rotate in the opposite direction. Write the equa- 
tions that will take an external input (dir) and will advance the stepper 
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clockwise when dir = 0 and counterclockwise when dir = 1 (step occurs 
on clock edge). Write out the source file to program a GAL 16V8A. 


“v 12-13. Design a sequential combinational lock circuit. The circuit must have a 3- 

\ bit combination entry input and an enter button. If the correct sequence of 
3-bit values is entered (101 <enter>, 100 <enter>, 111 <enter>), an output 
bit will go high, unlocking a door. 


ANSWERS TO SECTION REVIEW QUESTIONS 


SECTION 12-1 


1. Erasable and reprogrammable 
2. Simple, complex, registered output 


3s DEE TEXL. 4. Registered output/ 
registered configuration 5. Registered 
output 


SECTION 12-2 


1. Development software; programming 
software. 2. (a) A file produced by 
the development software showing which 
fuses are to be zapped; (b) the same 
information translated into a suitable 
format for transmission to the program- 
ming fixture 3. An output file (fuse 
plot) conforming to the JEDEC standard 


SECTION 12-3 


1. Compiler has more options for entering 
circuit design information into computer. 
2. ASCII file; schematic capture; truth 
tables; state tables; timing diagrams 


SECTION 12-4 


1. To enclose comments 2. To 
indicate that it is the signal that drives the 
output enable 3. The Dinput of FF Qa 
4. The input file that specifies the 
relationships between inputs and outputs 
5. Documentation file 6. Source 
(input file) 


ANSWERS TO SECTION REVIEW QUESTIONS 
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Introduction to the 
Microprocessor and 
Microcomputer 


z. 
— 
= 
i) 
—) 


7 Instruction Words 


13 


ital Computer? 


1g 


1 What Is a D 
13-2. How Do Computers Think? 


13-3. Secret Agent 89 


13: 


13-8 Executing a Machine-Language 


Program 


13-9 Typical wC Structure 


13-4 Basic Computer System 


13-10 Final Comments 


Organization 


13-5 Basic wC Elements 
13-6 Computer Words 


Upon completion of this chapter, you will be able to: 
m Describe the function and operation of each one of the five basic ele- 
ments of any computer organization. 


mw Understand that a computer continually repeats a sequence of fetch and 
execute operations. 


m Understand the difference between a microprocessor and a microcom- 
puter. 


m Analyze the fetch and execute cycles during the execution of a machine- 
language program. 

m Understand the operational role of the different types of buses and their 
signals in a microcomputer. 

m Cite the major functions performed by the microprocessor. 

m Describe the different types of computer words. 


m Upgrade your knowledge by learning more details and advanced con- 
cepts of microprocessor-based systems. 


It is no exaggeration to say that the microprocessor and microcomputer have revo- 
lutionized the electronics industry and have had a remarkable impact on many as- 
pects of our lives. The development of extremely high-density ICs has so sharply 
reduced the size and cost of microcomputers that designers routinely consider 
using their power and versatility in a wide variety of products and applications. 

In this chapter we study the basic principles of microcomputer operation. 
Even though we focus on the microcomputer, most of the concepts and ideas will 
apply to computers of all sizes. To illustrate the various aspects of microcomputer 
operation in a meaningful way, we use a specific microprocessor, the Intel 8085. 
The 8085 is an 8-bit second-generation chip that has been succeeded by the 16-bit 
third-generation 8086, and the more recent powerful microprocessors: the 80286, 
80386, and 80486. 
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The 8085 was chosen because it is a relatively easy processor to understand 
and is more suitable for an introduction than the more advanced devices. Once 
you have a basic understanding of one of the earlier microprocessors, such as the 
8085, it is an easier task to step up to the more advanced chips. 

It would take a complete textbook to cover all of the important details on 
microprocessors and computer operation. The material in this chapter is only 
meant to provide a foundation for further study. 


13-1 WHAT IS A DIGITAL COMPUTER? 


A digital computer is a combination of digital devices and circuits that can perform 
a programmed sequence of operations with a minimum of human intervention. 
The sequence of operations is called a program. The program is a set of coded 
instructions that is stored in the computer’s internal memory along with all the 
data that the program requires. When the computer is commanded to execute the 
program, it performs the instructions in the order that they are stored in memory 
until the program is completed. It does this at extremely high speeds. 


13-2 HOW DO COMPUTERS THINK? 


Computers do not think! The computer programmer provides a program of in- 
structions and data which specifies every detail of what to do, what to do it to, 
and when to do it. The computer is simply a high-speed machine that can manip- 
ulate data, solve problems, and make decisions, all under the control of the pro- 
gram. If the programmer makes a mistake in the program or puts in the wrong 
data, the computer will produce wrong results. A popular saying in the computer 
field is “garbage in/garbage out.” 

Perhaps a better question to ask at this point is: How does a computer go 
about executing a program of instructions? Typically, this question is answered by 
showing a diagram of a computer’s architecture (arrangement of its various ele- 
ments) and then going through the step-by-step process which the computer fol- 
lows in executing the program. We will do this—but not yet. First, we will look at 
a somewhat far-fetched analogy that contains many of the concepts involved in 
computer operation. 


13-3  SEGRET AGENT 89 


Secret Agent 89 is trying to find out how many days before a certain world leader 
is to be assassinated. His contact tells him that this information is located in a se- 
ries of post office boxes. To ensure that no one else gets the information, it is 
spread through 10 different boxes. His contact gives him 10 keys along with the 
following instructions: 


1. The information in each box is written in code. 
2. Open box 1 first and execute the instruction located there. 


3. Continue through the rest of the boxes in sequence unless instructed to do 
otherwise. 


4. One of the boxes is wired to explode upon opening. 
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Agent 89 takes the 10 keys and proceeds to the post office, code book in 
hand. 

Figure 13-1 shows the contents of the 10 post office boxes after having 
been decoded. Assume that you are Agent 89; begin at box 1 and go through the 
sequence of operations to find the number of days before the assassination at- 
tempt. Of course, it should not be as much work for you as it was for Agent 89 
because you don’t have to decode the messages. The answer is given in the next 
paragraph. 

If you have proceeded correctly, you should have ended up at box 6 with an 
answer of 17. If you made a mistake, you might have opened box 7, in which case 
you are no longer with us. As you went through the sequence of operations, you 
essentially duplicated the types of operations and encountered many of the con- 
cepts that are part of a computer. We will now discuss these operations and con- 
cepts in the context of the secret-agent analogy and see how they are related to 
actual computers. 

In case you have not already guessed, the post office boxes are like the 
memory in a computer, where instructions and data are stored. Post office 
boxes 1 to 6 contain instructions to be executed by the secret agent and boxes 8, 
9, and 10 contain the data called for by the instructions. (The contents of box 7, to 
our knowledge, have no counterpart in computers.) The numbers on each box are 
like the addresses of the locations in memory. 

Three different classes of instructions are present in boxes 1 to 6. Boxes 1, 
2, 3, and 5 are instructions that call for arithmetic operations. Box 4 contains a 


Figure 13-1 Ten post office boxes with coded mes- 
sage for Agent 89. 


Divide the previous 
result by the number 
stored In box (10). 


(4) Add the number stored 
in the box Q) to your 
secret agent code number. 


© 


If the previous result 
is not equal to 30, go 
to box (7). Otherwise 
continue to next box. 


Subtract the number 


stored in box 


(§) Subtract 13 from the 
previous result. 


HALT. You now have the 
answer 


BOMB! 
(too bad) 
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decision-making instruction called a conditional jump or conditional branch. 
This instruction calls for the agent (or computer) to decide whether to jump to 
address 7 or to continue to address 5, depending on the result of the previous 
arithmetic operation. Box 6 contains a simple control instruction that requires no 
data and refers to no other address (box number). This /a/t instruction tells the 
agent that the procedure is finished (program is completed) and to go no further. 

Each of the arithmetic and conditional jump instructions consists of two 
parts—an operation and an address. For example, the first part of the first in- 
struction specifies the operation of addition. The second part gives the address 
(box 9) of the data to be used in the addition. These data are usually called the 
operand and their address the operand address. The instruction in box 5 is a 
special case in which no operand address is specified. Instead, the operand (data) 
to be used in the subtraction operation is included as part of the instruction. 

A computer, like the secret agent, decodes and then executes the instructions 
stored in memory sequentially, beginning with the first location. The instructions 
are executed in order unless some type of branch instruction (such as box 4) 
causes the operation to branch or jump to a new address location to obtain the 
next instruction. Once the branching occurs, instructions are executed sequentially 
beginning at the new address. 

This is about as much information as we can extract from the secret-agent 
analogy. Each of the concepts we encountered will be encountered again in sub- 
sequent material. Hopefully, the analogy has furnished insights that should prove 
useful as you begin a more technical study of computers. 


13-4 BASIC COMPUTER SYSTEM ORGANIZATION 


Every computer contains five essential elements or units: the arithmetic-logic unit 
(ALU), the memory unit, the control unit, the input unit, and the output unit. The 
basic interconnection of these units is shown in Figure 13-2. The arrows in this di- 
agram indicate the direction in which data, information, or control signals are 
flowing. Two different-size arrows are used; the larger arrows represent data or in- 
formation that actually consists of a relatively large number of parallel lines, and 
the smaller arrows represent control signals that are normally only one or a few 
lines. The various arrows are also numbered to allow easy reference to them in 
the following descriptions. 


Arithmetic-Logic Unit} = The ALU is the area of the computer in which 
arithmetic and logic operations are performed on data. The type of operation that 
is to be performed is determined by signals from the control unit (arrow 1). The 
data that are to be operated on by the ALU can come from either the memory unit 
(arrow 2) or the input unit (arrow 3). Results of operations performed in the ALU 
can be transferred to either the memory unit for storage (arrow 4) or the output 
unit (arrow 5). 


Memory Unit The memory stores groups of binary digits (words) that can 
represent instructions (program) that the computer is to perform and the data that 
are to be operated on by the program. The memory also serves as storage for in- 
termediate and final results of arithmetic operations (arrow 4). Operation of the 
memory is controlled by the control unit (arrow 6), which signals for either a read 
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Figure 13-2. Basic computer organization. 


or a write Operation. A given location in memory is accessed by the control unit 
that provides the appropriate address code (arrow 7). Information can be written 
into the memory from the ALU or the input unit (arrow 8), again under control of 
the control unit. Information can be read from memory into the ALU (arrow 2) or 
into the output unit (arrow 9). 


Input Unit The input unit consists of all of the devices used to take informa- 
tion and data that are external to the computer and put them into the memory unit 
(arrow 8) or the ALU (arrow 3). The control unit determines where the input infor- 
mation is sent (arrow 10). The input unit is used to enter the program and data 
into the memory unit prior to starting the computer. This unit is also used to enter 
data into the ALU from an external device during the execution of a program. 
Some of the common input devices are keyboards, toggle switches, modems, mag- 
netic-strip readers, magnetic disk units, magnetic tape units, and analog-to-digital 
converters (ADCs). 


Output Unit The output unit consists of the devices used to transfer data 
and information from the computer to the “outside world.” The output devices are 
directed by the control unit (arrow 12) and can receive data from memory (arrow 
9) or the ALU (arrow 5); the data are then put into appropriate form for external 
use. Examples of common output devices are LED readouts, indicator lights, print- 
ers, disk or tape units, video monitors, and digital-to-analog converters (DACs). 

As the computer executes its program, it usually has results or control signals 
that it must present to the external world. For example, a computer system might 
have a line printer as an output device. Here, the computer sends out signals to 
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print out the results on paper. A small microcomputer might display its results on 
indicator lights or on LED displays. 


Interfacing The devices that make up the input and output units are called 
peripherals because they are external to the rest of the computer. The most im- 
portant aspect of peripherals involves interfacing. Computer interfacing is specifi- 
cally defined as transmitting digital information between a computer and its pe- 
ripherals in a compatible and synchronized way. 

Many input/output devices are not directly compatible with the computer be- 
cause of differences in such characteristics as operating speed, data format (e.g., 
BCD, ASCII, binary), data transmission mode (e.g., serial, parallel), and logic signal 
level. Such I/O devices require special interface circuits which allow them to com- 
municate with the control, memory, and ALU portions of the computer system. A 
common example is the video display terminal (VDT), which can operate both as 
an input and an output device. The VDT transmits and receives data serially (one 
bit at a time) while most computers handle data in parallel form. Thus, a VDT re- 
quires interface circuitry in order to send data to or receive data from a computer. 


Control Unit — The function of the control unit should now be obvious. It di- 
rects the operation of all the other units by providing timing and control signals. In 
a sense, the control unit is like the conductor of an orchestra, who is responsible 
for keeping each of the orchestra members in proper synchronization. This unit 
contains logic and timing circuits that generate the proper signals necessary to exe- 
cute each instruction in a program. 

The control unit fetches an instruction from memory by sending an address 
(arrow 7) and a read command (arrow 6) to the memory unit. The instruction 
word stored at the memory location is then transferred to the control unit (arrow 
11). This instruction word, which is in some form of binary code, is then decoded 
by logic circuitry in the control unit to determine which instruction is being called 
for. The control unit uses this information to send the proper signals to the rest of 
the units in order to execute the specified operation. 

This sequence of fetching an instruction code and then executing the indi- 
cated operation is repeated over and over by the control unit (see Figure 13-3). 
This repetitive fetch/execute sequence continues until the computer is turned off 
or until the control unit fetches an instruction that tells it to halt (recall our Agent 
89 analogy). 

As we see, then, a computer actually keeps doing the same basic operations 
over and over: fetch, execute, fetch, execute, fetch, execute, and on and on. Of 
course, the various execute cycles will be different for each type of instruction as 
the control unit sends different signals to the other units to execute the particular 
instruction. 


Central Processing Unit (CPU) — In Figure 13-2, the ALU and control 
units are shown combined into one unit called the central processing unit (CPU). 
This is commonly done to separate the actual “brains” of the computer from the 
other units. In a microcomputer the CPU is usually implemented on a single 
chip—the microprocessor—or, at most, by a microprocessor chip and one or two 
additional chips. 
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Fetch next 
instruction 
Execute the 
operation 


ita HALT 
instruction? 


Figure 13-3. A computer continually fetches and exe- 
cutes instructions until instructed to halt. 


REVIEW QUESTIONS 


1. Name the five basic units of a computer and describe the major functions 
of each. 


2. Wiial is the CPU? 
3. What is meant by interfacing in a computer system? 


4. What basic operations occur repeatedly in a computer? 


13-0 BASIC wC ELEMENTS 


It is important to understand the difference between the microcomputer (wC) and 
the microprocessor (uP). A microcomputer contains several elements, the most im- 
portant of which is the microprocessor. The microprocessor is usually a single IC that 
contains all of the circuitry of the control and arithmetic-logic units—in other words, 
the CPU. It is common to refer to the microprocessor as the MPU (nicroprocessor 
unit), since it is the CPU (central processing unit) of the microcomputer. This is 
illustrated in Figure 13-4, where the basic elements of a microcomputer are shown. 

The memory unit shows both RAM and ROM devices. The RAM section con- 
sists of one or more LSI chips arranged to provide the designed memory capacity. 
This section of memory is used to store programs and data, which will change 
often during the course of operation. It is also used as storage for intermediate and 
final results of operations performed during execution of a program. 

The ROM section contains one or more ROM chips to store instructions and 
data that do not change and must not be lost when power is shut off. For exam- 
ple, it stores the bootstrap program that the wC executes on power up, or it might 
store a table of ASCII codes needed for outputting information to a VDT or printer. 


SECTION 13-5 / BASIC #C ELEMENTS 


rind 


102 


Memory unit 


Microprocessor 
(MPU) 


Output 
interface 


Input 
interface 


Output 
devices 


Input 
devices 


Control unit and ALU Input unit Output unit 
(CPU) 


This is a microcomputer (uC) ————> 


Figure 13-4 Basic elements of a microcomputer. 


The input and output sections contain the interface circuits needed to allow 
the peripherals to properly communicate with the rest of the computer. In some 
cases these interface circuits are LSI chips designed by the MPU manufacturer to 
interface the MPU to a variety of I/O devices. In other cases the interface circuits 
may be as simple as a buffer register. 


The Microprocessor (MPU) The MPU is the heart of every microcom- 
puter. It performs a number of functions, including: 


1. Providing timing and control signals for all elements of the wC 
. Fetching instructions and data from memory 
. Transferring data to and from memory and I/O devices 


. Performing arithmetic and logic operations called for by instructions 


2 

3 

4. Decoding instructions 

2 

6. Responding to I/O-generated control signals such as RESET and INTERRUPT 


The MPU contains all of the logic circuitry for performing these functions, 
but its internal logic is generally not externally accessible. Instead, we can control 
what happens inside the MPU by the program of instructions that we put in mem- 
ory for the MPU to execute. This is what makes the MPU so versatile and flexi- 
ble—when we want to change its operation, we simply change the programs 
stored in RAM (software) or ROM (firmware) rather than rewire the electronics 
(hardware). 

The MPU’s internal logic is extremely complex, but it can be thought of as 
consisting of three basic sections: the control and timing section, the register sec- 
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tion, and the AZU (see Figure 13-5). Although there are definite interactions among 
these three sections, each has specific functions. 

The main function of the timing and control section is to fetch and decode 
(interpret) instruction codes from program memory, and then to generate the nec- 
essary control signals required by the other MPU sections in order to carry out the 
execution of the instructions. This section also generates timing and control signals 
(e.g., R/W, clock) that are needed by external RAM, ROM, and I/O devices. 

The register section contains various registers (inside the MPU) each of 
which performs a special function. The most important one is the program 
counter (PC), which keeps track of the addresses of the instruction codes as they 
are fetched from memory. We will use the PC in our subsequent description of 
program execution. Other MPU registers are used to perform functions such as: 
storing instruction codes as they are being decoded, holding data being operated 
on by the ALU, storing addresses of data to be fetched from memory, and many 
general-purpose storage and counting functions. 

The ALU performs a variety of arithmetic and logic operations on data. These 
operations always include addition and subtraction, AND, OR, EX-OR, shifting, in- 
crementing, and decrementing. The more advanced MPUs have ALUs that can do 
multiplication and division. During a microcomputer’s operation, the operations that 
an ALU is to perform are under the control of the timing and control section, which, 
of course, does what it is told by the instruction codes it fetches from memory. 


REVIEW QUESTIONS 


1. Explain the difference between a microprocessor anes a ‘microcomputer 
2. Name the basic elements of a ‘microcomputer. _ 

3. Name the three major sections of an MPU. 

4. What is the function of the PC? 


13-6 COMPUTER WORDS 


The smallest unit of information in a computer is the bit. A single isolated bit, 
however, carries very little information. For this reason, the principal unit of infor- 
mation in a computer is a group of bits referred to as a word. The number of bits 
that make up a word is called the computer’s word size. Word size is a common 
way of describing a computer. Computers are often described in terms of their 
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word size, such as an 8-bit computer, a 16-bit computer, and so on. For example, a 
16-bit computer is one in which the instructions and data are stored in memory as 
16-bit units, and processed by the CPU in 16-bit units. The word size also indicates 
the size of the data bus which carries data between the CPU and memory and be- 
tween the CPU and input/output devices. 

The larger computers (mainframes, supercomputers) have word sizes that are 
usually in the 32- to 64-bit range. Minicomputers have word sizes from 8 to 32 
bits. Microcomputers have word sizes from 4 to 32 bits. The newer microcomput- 
ers use word sizes of 16 and 32 bits. In general, a computer with a larger word 
size can execute programs of instructions at a faster rate because more data and 
more instruction information are stuffed into one word. The larger word sizes, 
however, mean more lines making up the data bus, and therefore more intercon- 
nections between the CPU and memory and input/output devices. 

As we know, a group of 8 bits is called a byte. Because 8-bit microcomputers 
have been widely used for a long time, and because ASCII codes fit neatly into 1 
byte, the byte continues to be used as a unit to describe word size and memory 
capacity even in computers with larger word sizes. An 8-bit computer can be said 
to have a word size of 1 byte. A 16-bit computer has a word size of 2 bytes, and 
so on. A memory that stores 128K 16-bit words can also have its capacity de- 
scribed as 256K bytes. 


Types of Computer Words — A word stored in a computer’s memory can 
contain either of two kinds of information—instructions or data. Data can be nu- 
merical or character information that is to be processed by a program that the CPU 
is executing. The data can be in many forms including unsigned or signed binary, 
BCD, floating-point (something like engineering notation), or ASCII codes for char- 
acters, among others. Here is an example of how the numerical value +860 will 
be stored in an 8-bit word: 

01010110 
Here is how the ASCII code for the character “V” would be stored in an 8-bit 
word. 

01010110 
Notice that the two words are the same. The computer doesn’t know the differ- 
ence between the two. It is up to the programmer to know what type of data is 
being stored, and to ensure that the program interprets and processes the data 
properly. 

Here is another example where a 16-bit word is used to store two ASCII- 

coded characters: 


0101011001010111 


ae 
V Ww 
This same 16-bit word could be the representation for +22103i0. Clearly, larger 
word sizes can store more character data and larger numbers. 
Instruction words are more complex than data words. We will discuss them 
in detail in the following section. 


REVIEW QUESTIONS 


he two types of information stored in computer words? — 


e advantage of a larger-word-size computer? 
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13-7 INSTRUCTION WORDS 


The format used for data words varies only slightly among different computers, 
especially those with the same word size. This is not true, however, of the format 
for instruction words. These words contain the information necessary for a com- 
puter to execute its various operations, and the format and codes for these can 
vary widely from computer to computer. Depending on the computer, the infor- 
mation contained in an instruction word can be different. But, for most computers, 
the instruction words carry two basic units of information: the operation to be per- 
formed and the dddress of the operand (data) to be operated upon. 

Figure 13-6 shows an example of a single-address instruction word for a hy- 
pothetical 20-bit computer. The 20 bits of the instruction word are divided into 
two parts. The first part of the word (bits 16 through 19) contains the operation 
code (op code, for short). The 4-bit op code represents the operation that the 
computer is being instructed to perform, such as addition or subtraction. The sec- 
ond part (bits 0 through 15) is the operand address, which represents the loca- 
tion in memory where the operand is stored. 

With 4 bits used for the op code, there are 2' = 16 different possible op 
codes, with each one indicating a different instruction. This means that a computer 
using this instruction-word format is limited to 16 different possible instructions 
which it can perform. A more versatile computer would have a greater number of 
instructions and would therefore require more bits in its op code. In any case, 
each instruction that a computer can perform has a specific op code which the 
computer (control unit) must interpret (decode). 

The instruction word of Figure 13-6 has 16 bits reserved for the operand ad- 
dress code. With 16 bits, there are 2!° = 65,536 different possible addresses. Thus, 
this instruction word can specify 16 different instructions and 65,536 operand ad- 
dresses. As an example, a 20-bit instruction word might be 


Op Address 
code code 


The op code 0100 represents one of 16 possible operations; let’s assume that it is 
the code for addition (ADD). The address code is 0101101001110010 or, more 
conveniently, 5A72 in hexadecimal. In fact, this complete instruction word can be 
expressed in hexadecimal as 


a 5 A f 2 


ey a 
Op Address 
code 


This complete instruction word, then, tells the computer to do the following: 


Figure 13-6 Typical single-address instruction word. 


Instruction word 


16-bit 


eee al 


operand address 


WIS1I7 16151413 121110 9 6 7 6b 4 3 21 iO 
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Fetch the data word stored in address location 5A72, send it to 
the ALU, and add it to the number in the accumulator register. 
The sum will then be stored in the accumulator. 
(Previous contents of accumulator are lost.) 


We will examine this and other instructions more thoroughly later. 


Multibyte Instructions We have seen an instruction-word format that 
contains op code and operand address information in a single word. In other 
words, a complete instruction such as that in Figure 13-6 is stored in a single mem- 
ory location. This is typical of computers with relatively large word sizes. For 
many microcomputers and minicomputers, the smaller word size makes it impossi- 
ble to provide the op code and operand address in a single word. 

Since a good number of microcomputers use an 8-bit (one-byte) word 
length, we will describe the instruction formats used in 8-bit computers. With a 
one-byte word size there are three basic instruction formats: single-byte, two-byte, 
and three-byte instructions. These are illustrated in Figure 13-7. 


Figure 13-7 = [nstruction formats used in 8-bit microcomputers. 
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The single-byte instruction contains only an 8-bit op code, with no address 
portion. Clearly, this type of instruction does not specify any data from memory to 
be operated on. For this reason, single-byte instructions are used for operations 
that do not require memory data. An example would be the instruction clear the 
accumulator register to zero (CLRA), which instructs the computer to clear all the 
FFs in the ALU’s accumulator. 

The first byte of the two-byte instruction is an op code and the second byte 
is an 8-bit address code specifying the memory location of the operand. In the 
three-byte instruction, the second and third bytes form a 16-bit operand address. 
For these multibyte instructions, the two or three bytes making up the complete 
instruction have to be stored in successive memory locations. This is illustrated in 
Table 13-1 for a three-byte instruction. The left-hand column lists the address loca- 
tions in memory where each byte (word) is stored. These addresses are given in 
hexadecimal code. The second column gives the binary word as it is actually 
stored in memory; the third column is the hex equivalent of this word. Examine 
this complete example before reading further and try to figure out what it repre- 
sents. 


Table 13-1 
Memory Word 

Memory eer es 

Address (Hex) Binary Hex Description 
0020 00111010 3A Op code for LDA Coad accumulator) 
0021 11110110 F6 Low-order address bits (LO) 
0022 00110101 45 High-order address bits CHD 
35F6 01111100" “7c Operand 


The three bytes stored in locations 0020, 0021, and 0022 constitute the com- 
plete instruction for loading the data word stored in address location 35F6 into the 
accumulator. The second and third bytes hold the 8 low-order bits (LO), and 8 
high-order bits CHD, respectively, of the operand address. The opcode byte is 3A 
which is the 8085 microprocessor’s code for the load accumulator operation. Mem- 
ory location 35F6 is also shown; its contents are the data word (7C) which the 
control unit of the computer will fetch and send to the ALU for addition. 


REVIEW QUESTIONS 


1. What is an op code? 
2. What is an operand address? 


3. What information is contained in the first byte of a multibyte instruction? 
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13-8 EXECUTING A MACHINE-LANGUAGE PROGRAM 


The instruction words we have been describing are called machine-language in- 
structions because they are represented by 1s and Os, the only language the ma- 
chine (computer) understands. Many other languages can be used to program a 
computer, and you may be familiar with some of them, such as BASIC or Pascal. 
These high-level languages are designed to make it easy to write a program. It is 
important to understand that these high-level programs have to be converted to 
machine-language instructions and placed in the computer’s internal memory be- 
fore the computer can execute them. In a typical microcomputer, the conversion 
from BASIC to machine language is accomplished through a special machine-lan- 
guage program stored in ROM. 

In order to illustrate how a microcomputer executes a machine-language pro- 
eram, we will use the instructions described in Table 13-2. These instructions are 
part of the 8085 uP instruction set, but they are typical of the kinds of instructions 
that most microprocessors can execute. Each instruction is accompanied by a 
mnemonic or abbreviation that is easier to remember than the op code. Read the 
description of each instruction carefully and keep in mind that the operand that is 
being referred to is the data word stored at the operand address location. 

We will use some of the 8085 instructions from Table 13-2 to write a machine 
language program that starts at hex address 0000 and does the following: 


1. Loads accumulator with data from hex memory address 0300. 
2. Subtracts 1 from these data. 


3. If the result of the subtraction is zero, the program halts. If not, the result is 
stored back in location 0300, and the program halts. 


Table 13-2 Some 8085 Instructions 


Op Code 
Mnemonic Binary Hex Description of Operation 

LDA 00111010 3A Load accumulator: The data stored at the operand 
address are loaded into the accumulator register. 

DCRA 00111101 3D Decrement accumulator: Subtract 1 from the 
current contents of the accumulator. 

CMA 00101111 2F = Complement accumulator: Complement the data 
word currently in the accumulator. 

STA 00110010 32 Store accumulator: The contents of the accumulator 


are stored in memory at the location specified by 
the operand address. 

JMP 11000011 C3 jump (unconditionally): The next instruction is to be 
taken from the location specified by the operand 
address instead of in sequence. 

IZ 11001010 CA jump on zero: The next instruction is to be taken from 
operand address ifthe accumulator contents are 
zero. Otherwise, the next instruction is taken in 
sequence. 

HLT 01110110 76 Halt: The computer operation is halted. No further 
instructions are executed. 
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Table 13-3 Sample Machine Language Program 


Memory Memory 
Address (Hex) Word (Hex) Mnemonic Description 
0000 3A LDA $0300 Load data from address 0300 
0001 ee into accumulator. 
0002 03 
0003 3D DCRA Subtract 1 from data. 
0004 CA JZ $000A If result is zero jump to 
0005 a address OOOA for next instruction. 
0006 OO 
0007 a2 STA $0300 If not, store contents of 
0008 ot accumulator in location 
OOO9 O03 0300. 
OOOA 76 HET Halt execution of program. 
0300 ro a Address of data. 


Table 13-3 shows the complete program as it would be entered into the com- 
puter’s memory. Actually, the first two columns are the machine-language pro- 
gram; the other information is included for descriptive purposes. The first column 
lists the hex address of each memory location being used by the program. The 
second column gives the hex equivalent of the word stored in each memory loca- 
tion. Remember, these hex values represent the actual binary addresses and in- 
struction codes that the computer understands. 

The third column gives the mnemonic and operand address Gf any) associ- 
ated with each instruction. The last column describes the operation performed by 
each instruction. For example, the first instruction in the program is a three-byte 
instruction. The first byte stored in memory address 0000 is the op code 3A. The 
second and third bytes stored in addresses 0001 and 0002 represent the operand 
address 0300. The mnemonic for this instruction is LDA $0300. The LDA is the ab- 
breviation for the load accumulator operation, and the $0300 is the operand ad- 
dress. The $ is often used to indicate that the address is represented in hex. When 
the computer executes this instruction, it will read the 8-bit data from location 
0300 and will load them into the accumulator. 

The program starts at address 0000 and ends at OOOA. Address location 0300 
is used for data storage. The contents of this location is not given, because it will 
generally be variable. Address locations between OOOA and 0300 are not being 
used. 
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Program Execution We will now proceed through the complete execu- 
tion of this program and describe what the computer does at each step. Our intent 
here is to outline only the main operations without getting bogged down in the 
details of all the activity taking place inside the computer. In particular, we will see 
that the computer is always in one of two kinds of operating cycles: (1) a fetch 
cycle during which the control unit fetches the instruction codes (op code and 
operand address) from memory and (2) an execute cycle during which the con- 
trol unit performs the operation called for by the op code. 

The operation starts when the operator activates a START or RUN switch. 
This will initialize a program counter (PC) to a starting count of 0000. The PC is a 
counter within the control unit that keeps track of the program addresses as the 
computer sequences through them. 


1. The control unit fetches the first byte from address 0000 as determined by 
the PC. This byte is 3A, which is the op code for the first instruction. Cir- 
cuitry within the control unit determines that this op code calls for the LDA 
(oad accumulator) operation and that an operand address follows the op 
code. 


2. The control unit increments the PC to 0001 and then fetches the byte stored 
at this address. This byte is 00 and represents the low-order byte of the 
operand address. The control unit then increments PC again to 0002 and 
fetches the byte that is stored at this address. This byte is 03 and represents 
the high-order byte of the operand address. 


3. This completes the first fetch cycle, and the control unit now holds the op 
code (3A) and operand address (0300) needed to execute the LDA instruction. 


4. The control unit executes this instruction by reading the data word from ad- 
dress 0300 and loading it into the accumulator register in the ALU. This com- 
pletes the execute cycle. 


5. The PC is incremented to 0003 and the control unit begins a new fetch cycle 
by fetching the op code stored at this address. The control unit recognizes 
the op code 3D as calling for the DCRA operation, which requires that 1 be 
subtracted from the data in the accumulator. 


6. The control unit executes this instruction by sending the appropriate signals 
to the ALU to subtract 1 from the accumulator. 


7. The PC is incremented to 0004 to begin a new fetch cycle, and the control 
unit fetches the op code (CA) from this address. It recognizes it as the op 
code for the JZ Gump on zero) instruction, and knows that it has to make a 
decision based on the current contents of the accumulator. 


8. If the data in the accumulator are exactly equal to zero, the control unit 
fetches the operand address 000A from the next two memory addresses 
(0005 and 0006). This operand address is loaded into the PC so that the con- 
trol unit will take its next instruction from address 000A. Since the instruction 
at address OOOA is a HLT instruction, the program will halt execution at that 
point. 


9. If the data in the accumulator are not exactly equal to zero, the control unit 
increments the PC to 0007 and fetches the next op code from this address. 
The op code 32 is recognized as the STA instruction which tells the control 
unit that an operand address follows in the next two memory locations. 
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10. The control unit increments the PC to 0008 and then 0009 as it fetches the 
operand address (0300) from these locations. The control unit now has the 
op code and operand address needed to execute the STA $0300 instruction. 


11. To execute this instruction, the control unit takes the data from the accumu- 
lator and writes it into memory address 0300. 


12. The PC is incremented to 000A. The control unit fetches the next op code 
from this address and recognizes it as the HLT instruction. All further opera- 
tions are halted. 


This simple program illustrates many of the kinds of things that take place as 
a computer executes a machine-language program, but it does not even begin to 
show the capabilities and versatility of a computer. It is important to understand 
that the program execution is performed in a step-by-step sequential manner start- 
ing at the first address in the program (0000 in our example). Of course, even 
though the computer performs one step at a time, each step can be done so 
rapidly that the overall execution time for a program can be very short. For exam- 
ple, this short program would take less than 20 ws on even the slowest microcom- 
puter. 


REVIEW QUESTIONS 


1. What is the difference between a machine-language program and a high- 
level-language program? 

2. What is an instruction mnemonic? 

3. What generally takes place during a fetch cycle? During an execute cycle? 


4. What is the function of the program counter? 


13-9 TYPICAL wC STRUCTURE 


We are now prepared to take a more detailed look at wC organization. The many 
possible wC structures are essentially the same in principle, although they vary as 
to the size of the data and address buses, and the types of control signals they use. 
In order to provide the clearest means for learning the principles of wC operation, 
it is necessary to choose a single type of wC structure and study it in detail. Once a 
solid understanding of this typical wC is obtained, it will be relatively easy to learn 
about any other type. The mC structure we have chosen to present is shown in 
Figure 13-8. It is based on the 8085 microprocessor but has essentially the same 
structure as microcomputers based on most other 8-bit wPs. The CPU shown actu- 
ally consists of the 8085 mwP chip connected to several support chips to produce 
the desired bus structures. We will not be concerned here with the details of these 
connections. Our focus is on the various buses that connect the CPU to the other 
elements of the wC, and how these buses are used during wC operation. 


The Bus System — The uC has three buses which carry all the information 
and signals involved in the system operation. These buses connect the mic- 
roprocessor (CPU) to each of the memory and I/O elements so that data and 
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information can flow between the CPU and any of these other elements. In other 
words, the CPU is continually involved in sending or receiving information to or 
from a location in memory, an input device, or an output device. 

In the uC, all information transfers are referenced to the CPU. When the CPU 
is sending data to another computer element, it is called a write operation and the 
CPU is writing into the selected element. When the CPU is receiving data from an- 
other element, it is called a read operation and the CPU is reading from the se- 
lected element. It is very important to realize that the terms “read” and “write” al- 
ways refer to operations performed by the CPU. 

The buses involved in all the data transfers have functions that are described 
as follows: 


Address Bus. This is a unidirectional bus, because information flows | 


over it in only one direction, from the CPU to the memory or I/O elements. The 
CPU alone can place logic levels on the lines of the address bus, thereby gener- 
ating 2!° = 65,536 different possible addresses. Each of these addresses corre- 
sponds to one memory location or one I/O element. For example, address 20A016 
might be a location in RAM or ROM where an 8-bit word is stored, or it might be 
an 8-bit buffer register that is part of the interface circuitry for a modem or video 
display terminal (VDT). 

When the CPU wants to communicate (read or write) with a certain memory 
location or I/O device, it places the appropriate 16-bit address code on its 16 ad- 
dress pin outputs, Ap through Ais, and onto the address bus. These address bits are 
then decoded to select the desired memory location or I/O device. This decoding 
process usually requires decoder circuitry not shown on this diagram. 


Data Bus. This is a bidirectional bus, because data can flow to or from the 
CPU. The CPU’s eight data pins, Dy) through D7, can be either inputs or outputs, 
depending on whether the CPU is performing a read or a write operation. During 
a read operation they act as inputs and receive data that have been placed on the 
data bus by the memory or I/O element selected by the address code on the ad- 
dress bus. During a write operation the CPU’s data pins act as outputs and place 
data on the data bus, which are then sent to the selected memory or I/O element. 
In all cases, the transmitted data words are 8 bits wide because the CPU handles 8- 
bit data words, making this an 8-bit WC. 


Control Bus. This is the set of signals that is used to synchronize the activ- 
ities of the separate wC elements. Some of these control signals, such as RD and 
WR are sent by the CPU to the other elements to tell them what type of operation 
is currently in progress. The I/O elements can send control signals to the CPU. An 
example is the reset input CRES) of the CPU, which, when driven LOW, causes the 
CPU to reset to a particular starting state. Another example is the CPU’s interrupt 
input (INTR), used by I/O devices to get the attention of the CPU when it is per- 
forming other tasks. 


I/O Ports During the execution of a program, the CPU is constantly reading 
from or writing into memory. The program may also call on the CPU to read from 
one of the input devices or write into one of the output devices. Although the dia- 
eram of the 8-bit wC in Figure 13-8 shows only one input and one output device 
there can be any number of each tied to the wC bus system. Each I/O device is 
normally connected to the wC bus system through some type of interface circuit. 
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Figure 13-9 


Machine Cycle 
T state 
CLOCK 


Type of machine 
Cycle 


Address bus 


Data bus 


The function of the interface is to make the wC and the device compatible so that 
data can be easily passed between them. The interface is needed whenever the 
I/O device uses different signal levels, signal timing, or signal format from the mC. 

For example, a typical I/O device is the video display terminal (VDT) which 
sends ASCH-coded information to the computer in serial fashion (1 bit at a time 
over a single line). The wC, however, accepts data from the data bus as 8 parallel 
bits. Thus, an interface circuit is used to convert the VDT’s serial signal to an 8-bit 
parallel data word, and another to convert the wC’s parallel output data to a serial 
signal for the VDT. 

Although I/O devices are treated like memory locations, they are significantly 
different from memory in some respects. One big difference is that I/O devices 
can have the capability to interrupt the CPU while it is executing a program. What 
this means is that an I/O device can send a signal to the CPU’s interrupt input 
(INTR) to tell the CPU that it wishes to communicate with it. The CPU will then 
suspend execution of the program it is currently working on and will perform the 
appropriate operation with the interrupting I/O device. RAM and ROM do not nor- 
mally have interrupting capability. 


Timing The 8085 contains an on-chip clock oscillator circuit that generates 
the basic clock signal to time all of its operations. In normal operation, a crystal is 
attached to the X1 and X2 inputs of the 8085 to produce a signal that is twice the 
desired clock frequency (see Figure 13-8). This frequency is internally divided by 2 
to produce the wP clock signal, which is used internally and is also made available 
as an output for the control bus. The most common crystal frequency used is 6 
MHz, which produces a clock signal frequency of 3 MHz. 

All of the 8085 mwP and mC operations are synchronized to this 3-MHz clock 
signal. The individual cycles of the clock signal are called T states. Each read or 
write Operation performed by the CPU is referred to as a machine cycle. Each 8085 
instruction fetched and executed by the CPU takes anywhere from one to five ma- 
chine cycles, and each machine cycle requires anywhere from three to six 7 states 
(clock cycles). To illustrate, Figure 13-9 shows the timing for the STA $0300 in- 
struction of the sample program from Table 13-3. 


The timing sequence for 8085’s STA $0300 instruction. 


Instruction Cycle 


Memory Read Memory Read Memory Read Memory Write 


Hex address 0007 
from PC: address of 


0008 from PC; 
address of low 


0009 from PC; 
address of high 


0300, the 
operand address. 


' op code for STA. byte of the byte of the 
operand address.| operand address. 
Hex data 32, the Hex 00, the O03, the high byte | Data byte 


op code for SIA. from accumulator 
register of the 


CFU: 


low byte of the 
operand address. 


of the operand 
address. 
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The complete instruction cycle takes four machine cycles (M—M4) and a total 
of 13 T states. Note how each of the machine cycles consists of either 3 or 4 
T states. The diagram also shows what is on the address and data buses during 
each machine cycle. You should compare this to steps 9-11 of our earlier step-by- 
step description of the sample program. 


REVIEW QUESTIONS 


1. Describe the functions of the three buses that are part of a typical micro- 
computer system. 


2. Which bus is unidirectional? 
3. Which bus includes the clock signals? 


4, Would the instruction cycle for a LDA $0300 instruction contain a memory 
write machine cycle? 


13-10 FINAL COMMENTS 


Our discussion has been, by necessity, only a brief introduction to the basic princi- 
ples, terminology, and operations common to most microprocessers and micro- 
computers. We have not even begun to gain an insight into the capabilities and 
applications of these devices. Almost all areas of technology have started taking 
advantage of the inexpensive computer control which microprocessors can pro- 
vide. Some typical applications include microwave ovens, traffic controllers, home 
computers, electronic measuring instruments, industrial process control, electronic 
games, automobile emission control, and a rapidly growing number of new prod- 
ucts. 

With the revolutionary impact that microprocessors have had on the electron- 
ics industry, it is not unreasonable to expect that everyone working in electronics 
and related areas will have to become knowledgeable in the operation of micro- 
processors. Hopefully, our introduction will serve as a firm foundation for further 
study in this important area. 


ANSWERS TO SECTION REVIEW QUESTIONS 


SECTION 13-4 2. MPU, RAM, ROM, input, output 
3. Timing and control, register, ALU 
1. Input, output, arithmetic-logic, control, 4. Keeps track of instruction addresses 
memory. See text for functions. 
2. Control and arithmetic-logic units SECTION 13-6 
combined 3. The synchronization of 
digital information transmission between 1. Data and instructions 2. Executes 
the computer and external I/O devices programs at a faster rate 


4, Fetch and execute 
SECTION 13-7 


SECTION 13- 
a 1. A binary code that represents the 


1. The microprocessor (MPU) is the CPU operation to be performed by the CPU 
portion of the microcomputer. 
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2. The address of the data to be operated 
on as the CPU executes the instruction 
called for by the op code 3. Op code 


SECTION 13-8 


1. A machine-language program consists 
of the binary instruction codes stored in 
the computer’s memory. A high-level- 
language program is written in a 
conversational language that has to be 
converted to machine language before the 
computer can execute it. 2. A short 
abbreviation for the operation 

3. During a fetch cycle, the CPU fetches 
the op code and operand address from 


memory. During the execute cycle, the 
CPU executes the operation called for by 
the op code. 4. The PC keeps track of 
the addresses of the instructions in 
memory. 


SECTION 13-9 


1. Data bus: carries data between CPU 
and memory and I/O devices; address 
bus: carries address code from CPU to 
memory and I/O devices; control bus: 
carries timing and synchronization signals 
2. Address bus 3. Control bus 

4. No 
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Glossary 


Access Time Time between the memory’s receiving a 
new input address and the output data’s becoming 
available in a read operation. 


Accumulator Principal register of an arithmetic-logic 
unit (ALU). 


Active-HIGH (LOW) Decoder Decoder that produces a 
logic HIGH (LOW) at the output when detection 
occurs. 


Active Logic Level Logic level at which a circuit is con- 
sidered active. If the symbol for the circuit in- 
cludes a bubble, the circuit is active-LOW. On the 
other hand, if it doesn’t have a bubble, then the 
circuit is active-HIGH. 


Actuator Electrically controlled device that controls a 
physical variable. 


Addend Number to be added to another. 


Address Number that uniquely identifies the location of 
a word in memory. 


Address Bus Unidirectional lines that carry the address 
code from the CPU to memory and I/O devices. 


Address Multiplexing Multiplexing used in dynamic 
RAMs to save IC pins that involves latching the 
two halves of a complete address into the IC in 
separate steps. 


Alphanumeric Codes Codes that represent numbers, 
letters, punctuation marks, and special characters. 


Analog Representation Representation of a quantity 
that varies over a continuous range of values. 


Analog System Combination of devices designed to 
manipulate physical quantities that are repre- 
sented in analog form. 
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Analog-to-Digital Converter (ADC) Circuit that con- 
verts an analog input to a corresponding digital 
output. 


& When used inside an IEEE/ANSI symbol, indication of 
an AND gate or AND function. 


AND Gate Digital circuit that implements the AND oper- 
ation. The output of this circuit is HIGH (logic 
level 1) only if all of its inputs are HIGH. 


AND Operation Boolean algebra operation in which 
the symbol - is used to indicate the ANDing of two 
or more logic variables. The result of the AND op- 
eration will be HIGH (logic level 1) only if all vari- 
ables are HIGH. 


Arithmetic-Logic Unit (ALU) Digital circuit used in 
computers to perform various arithmetic and logic 
operations. 


ASCII Code (American Standard Code for Informa- 
tion Interchange) Seven-bit alphanumeric code 
used by most computer manufacturers. 


Asserted Term used to describe the state of a logic sig- 
nal; synonymous with “active.” 


Astable Multivibrator Digital circuit that oscillates be- 
tween two unstable output states. 


Asynchronous Counter Type of counter in which 
each flip-flop output serves as the clock input sig- 
nal for the next flip-flop in the chain. 


Asynchronous Inputs Flip-flop inputs that can affect 
the operation of the flip-flop independent of the 
synchronous and clock inputs. 


Asynchronous Transfer Data transfer performed with- 
out the aid of the clock. 


Augend Number to which an addend is added. 


Auxiliary Memory That part of a computer’s memory 
that is separate from the computer’s internal work- 
ing memory. Generally has high density and high 
capacity, such as magnetic disk. 


Backplane Electrical connection common to all seg- 
ments of an LCD. 


BCD Adder Special adder containing two 4-bit parallel 
adders and a correction detector circuit. Whenever 
the addition of two BCD code groups is greater 
than 10012 (j0), the correction detector circuit 
senses it, adds to the result the correction factor 
01102 (610), and generates a carry to the next deci- 
mal position. 


BCD Counter Binary counter that counts from 00002 to 
10012 before it recycles. 


BCD/DEC When used inside an IEEE/ANSI symbol, in- 
dication of a BCD-to-decimal decoding function. 


BCD-to-Decimal Decoder Decoder that converts a 
BCD input into a single decimal output equiva- 
lence. 


BCD-to-7-Segment Decoder/Driver Digital circuit that 
takes a 4-bit BCD input and activates the required 
outputs to display the equivalent decimal digit on 
a 7-segment display. 


Bidirectional Data Line Term used when a data line 
functions as either an input or an output line de- 
pending on the states of the enable inputs. 


Bilateral Switch CMOS circuit which acts like a single- 
pole, single-throw switch (SPST) controlled by an 
input logic level. 


Binary-Coded-Decimal Code (BCD Code) Four-bit 
code used to represent each digit of a decimal 
number by its 4-bit binary equivalent. 


Binary Counter Group of flip-flops connected in a 
special arrangement in which the states of the flip- 
flops represent the binary number equivalent to 
the number of pulses that have occurred at the 
input of the counter. 


Binary Digit Bit. 


Binary Multiplier Special digital circuit capable of per- 
forming the arithmetic operation of multiplication 
on two binary numbers. 


Binary Point Mark which separates the integer from 
the fractional portion of a binary quantity. 


Binary System Number system in which there are only 
two possible digit values, 0 and 1. 


BIN/OCT When used inside an IEEE/ANSI symbol, indi- 
cation of a binary-to-octal decoding function. 


Bipolar DAC Digital-to-analog converter that accepts 
signed binary numbers as input and produces the 
corresponding positive or negative analog output 
value. 


Bipolar ICs Integrated digital circuits in which NPN and 
PNP transistors are the main circuit elements. 
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Bistable Multivibrator Name that is sometimes used to 
describe a flip-flop. 

Bit Digit in the binary system. 

Boolean Algebra Algebraic process used as a tool in 
the design and analysis of digital systems. In 


Boolean algebra only two values are possible, “0” 
and “1.” 


Boolean Theorems Rules that can be applied to 
Boolean algebra to simplify logic expressions. 


Bootstrap Program Program, stored in ROM, that a 
computer executes On power-up. 


Bubbles Small circles on the input or output lines of 
logic-circuit symbols which represent inversion of 
a particular signal. If a bubble is present, the input 
or output is said to be active-LOW. 


Buffer/Driver Circuit designed to have a greater output 
current and/or voltage capability than an ordinary 
logic circuit. 

Buffer Register Register that holds digital data tem- 
porarily. 

Bus Contention Situation in which the outputs of two 
or more active devices are placed on the same 
bus line at the same time. 


Bus Drivers Circuits that buffer the outputs of devices 
connected to a common bus; used when a large 
number of devices share a common bus. 


Byte Eight-bit word. 


C When used as an input label inside an IEEE/ANSI 
symbol, an indication that the input controls the 
entry of data into a storage element. 


Capacity Amount of storage space in a memory ex- 
pressed as number of bits or number of words. 


Carry Digit or bit that is generated when two numbers 
are added and the result is greater than the base 
for the number system being used. 


Carry Propagation Intrinsic circuit delay of some par- 
allel adders that prevents the carry bit (Cour) and 
the result of the addition from appearing at the 
output simultaneously. 


Carry Ripple See Carry Propagation. 


CAS (Column Address Strobe) Signal used to latch the 
column address into a DRAM. 


CAS-before-RAS Method for refreshing DRAMs_ that 
have built-in refresh counters. When CAS input is 
driven LOW and held there as RAS is pulsed LOW, 
an internal refresh operation is performed at the 
row address given by the on-chip refresh counter. 


Cascading Connecting logic circuits in a serial fashion 
with the output of one circuit driving the input of 
the next, and so on. 


Central Processing Unit (CPU) Part of a computer 
which is composed of the arithmetic-logic unit 
(ALU) and the control unit. 


Checksum Special data word stored in last ROM loca- 
tion. It is derived from the addition of all other 


data words in the ROM, and is used for error- 
checking purposes. 


Circuit Excitation Table Table showing a circuit’s pos- 
sible PRESENT to NEXT state transitions and the 
required Jand K levels at each flip-flop. 


Circulating Shift Register Shift register in which one 
of the outputs of the last flip-flop is connected to 
the input of the first flip-flop. 


CLEAR Asynchronous FF input used to make Q = 0 im- 
mediately. 


Clear State The QO = 0 state of a flip-flop. 


Clock Digital signal in the form of a rectangular pulse 
train Or a square wave. 


Clock Skew Arrival of a clock signal at the clock inputs 
of different flip-flops at different times as a result 
of propagation delays. 


Clock Transition Times Minimum rise and fall times 
for the clock signal transitions used by a particular 
IC, specified by the IC manufacturer. 


Clocked D Flip-Flop Type of flip-flop in which the D 
(data) input is the synchronous input. 


Clocked Flip-Flops Flip-flops which have a clock input. 


Clocked J-K Flip-Flop Type of flip-flop in which in- 
puts J/and K are the synchronous inputs. 


Clocked S-C Flip-Flop Type of flip-flop in which the 
inputs SET and CLEAR are the synchronous inputs. 


CMOS (Complementary Metal-Oxide-Semiconduc- 
tor) Integrated-circuit technology which uses MOS- 
FETs as the principal circuit element. This logic 
family belongs to the category of unipolar digi- 
tal ICs. 


Combinational Logic Circuits Circuits made up of com- 
binations of logic gates, with no feedback from 
Outputs to inputs. 


Common-Control Block Symbol used by the IEEE/ 
ANSI standard to describe when one or more in- 
puts are common to more than one of the circuits 
in an IC. 


Complement See Invert. 


Computer Word Group of binary bits which is the pri- 
mary unit of information in a computer. 


Control Bus Set of signal lines that are used to syn- 
chronize the activities of the CPU and the separate 
uC elements. 


Control Inputs Input signals synchronized with the ac- 
tive clock transition that determine the output 
state of a flip-flop. 


Control Unit That part of a computer which provides 
decoding of program instructions and the neces- 
sary timing and control signals for the execution 
of such instructions. 


CT = 0 When used in the label for an input inside an 
IEEE/ANSI symbol, an indication that the counter 
will clear when that input goes active. 


CTR When used inside an IEEE/ANSI symbol, an indica- 
tion that the IC is a counter. 


Current-Sinking Logic Logic family in which the out- 
put of a logic circuit sinks current from the input 
of the logic circuit it is driving. 

Current-Sinking Transistor Name given to the output 
transistor (Qs) of a TTL circuit. This transistor is 
turned on when the output logic level is LOW. 


Current-Sourcing Logic Logic family in which the out- 
put of a logic circuit sources, or supplies, current 
to the input of the logic circuit it is driving. 


Current-Sourcing Transistor Name given to the out- 
put transistor (Q3) of most TTL circuits. This tran- 
sistor is conducting when the output logic level is 
HIGH. 


Current Tracer Testing tool that detects a changing 
current in a wire or PC-board trace. 


Current Transients Current spikes generated by the 
totem-pole output structure of a TTL circuit, and 
caused when both transistors are simultaneously 
turned on. 


D When used inside an IEEE/ANSI symbol, label indi- 
cating “data.” 


D Latch Circuit that contains a NAND gate latch and 
two steering NAND gates. 


Data Acquisition Process by which a computer ac- 
quires digitized analog data. 


Data Bus Bidirectional lines that carry data between the 
CPU and memory, or between the CPU and I/O 
devices. 


Data Distributors See Demultiplexer. 


Data-Rate Buffer Application of FIFOs in which se- 
quential data are written into the FIFO at one rate 
and read out at a different rate. 


Data Selectors See Multiplexer. 


Decade Counter Any counter that is capable of going 
through 10 different logic states. 


Decimal System Number system which uses 10 differ- 
ent digits or symbols to represent a quantity. 


Decoder Digital circuit that converts an input binary 
code into a corresponding single numeric output. 


DeMorgan’s Theorems (1) Theorem stating that the 
complement of a sum (OR operation) equals the 
product (AND operation) of the complements, and 
(2) theorem stating that the complement of a 
product (AND operation) equals the sum (OR op- 
eration) of the complements. 


Demultiplexer (DEMUX) Logic circuit that depending 
on the status of its select inputs will channel its 
data input to one of several data outputs. 


Dependency Notation Method used to symbolically 
represent the relationship between inputs and out- 
puts of logic circuits. This method employs the 
use of qualifying symbols embedded near the top 
center or geometric center of a symbol element. 
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Digital Computer System of hardware that performs 
arithmetic and logic operations, manipulates data, 
and makes decisions. 


Digital Integrated Circuits Self-contained digital cir- 
cuits which have been made by using one of sev- 
eral integrated-circuit fabrication technologies. 


Digital-Ramp ADC Type of analog-to-digital converter 
in which an internal staircase waveform is gener- 
ated and utilized for the purpose of accomplishing 
the conversion. The conversion time for this type 
of analog-to-digital converter varies depending on 
the value of the input analog signal. 


Digital Representation Representation of a quantity 
that varies in discrete steps over a range of values. 


Digital Storage Oscilloscope Instrument that samples, 
digitizes, stores, and displays analog voltage wave- 
forms. 


Digital System Combination of devices designed to 
manipulate physical quantities that are repre- 
sented in digital form. 


Digital-to-Analog Converter (DAC) Circuit that con- 
verts a digital input to a corresponding analog 
output. 


Digitization Process by which an analog signal is con- 
verted to digital data. 


DIP Dual-in-line package. The most common type of IC 
package. 


DIVn When used inside an IEEE/ANSI symbol, indica- 
tion that the circuit is a MOD-7 counter. 


“Don’t Care” Situation when a circuit’s output level for 
a given set of input conditions can be assigned as 
either a 1 ora 0. 


Down Counter Counter that counts from a maximum 
count downward to zero. 


DRAM Controller IC used to handle refresh and ad- 
dress multiplexing operations needed by DRAM 
systems. 


Driver Technical term sometimes added to an IC’s de- 
scription to indicate that the IC’s outputs can oper- 
ate at higher current and/or voltage limits than a 
normal standard IC. 


Dual-Slope Analog-to-Digital Converter Type of ana- 
log-to-digital converter that linearly charges a ca- 
pacitor from a current proportional to V4 for a 
fixed time interval, and then increments a counter 
as the capacitor is linearly discharged to zero. 


Dynamic RAM (DRAM) Type of semiconductor mem- 
ory that stores data as capacitor charges that need 
to be refreshed periodically. 


ECL Emitter-coupled logic; also referred to as current- 
mode logic. 


Edge Detector Circuit that produces a narrow positive 
spike that occurs coincident with the active transi- 
tion of a clock input pulse. 
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Edge-Triggered Manner in which a flip-flop is activated 
by a signal transition. A flip-flop may be either a 
positive or negative edge-triggered flip-flop. 

8-Line-to-3-Line Encoder Digital circuit that generates 
a different 3-bit code depending on which one of 
the eight inputs is activated. 


Electrically Compatible When two ICs from different 
logic series can be connected directly without any 
special measures taken to ensure proper opera- 
tion. 


Electrically Erasable Programmable ROM (EEPROM) 
ROM that can be electrically programmed, erased, 
and reprogrammed. 


Encoder Digital circuit that produces an output code 
depending on which of its inputs is activated. 


Encoding Use of a group of symbols to represent num- 
bers, letters, or words. 


Erasable Programmable ROM (EPROM) ROM that 
can be electrically programmed by the user. It can 
be erased (usually with ultraviolet light) and re- 
programmed as often as desired. 


Exclusive-NOR Circuit Two-input logic circuit that 
produces a HIGH output only when the inputs are 
equal. 


Exclusive-OR Circuit Two-input logic circuit which 
produces a HIGH output only when the inputs are 
different. 


Execute Cycle Period during which a computer’s con- 
trol unit performs the operation specified by the 
fetched op code. 


Fan-Out Maximum number of standard logic inputs that 
the output of a digital circuit can drive reliably. 


Fetch Cycle Period during which a computer’s control 
unit obtains instruction codes from memory. 


Firmware Computer programs stored in ROM. 


First-In First-Out Memory (FIFO) Semiconductor se- 
quential-access memory in which data words are 
read out in the same order in which they were 
written in. 


555 Timer TTL-compatible IC that can be wired to op- 
erate in several different modes, such as a one- 
shot and an astable multivibrator. 


Flash ADC Type of analog-to-digital converter that has 
the highest operating speed available. 


Flash Memory Non-volatile memory IC which has the 
high-speed access and in-circuit erasability of 
EEPROMs but with higher densities and lower 
cost. 


Flip-Flop Memory device capable of storing a logic 
level. 


Floating Bus When all outputs connected to a data bus 
are in the Hi-Z state. 


Floating Input Input signal that is left disconnected in 
a logic circuit. 


Floppy Disk Flexible magnetic disk used for mass stor- 
age. 


4-to-10 Decoder See BCD-to-Decimal Decoder. 


Frequency Counter Circuit that can measure and dis- 
play a signal’s frequency. 


Full Adder Logic circuit with three inputs and two out- 
puts. The inputs are a carry bit (Cin) from a previ- 
ous stage, a bit from the augend, and a bit from 
the addend, respectively. The outputs are the sum 
bit and carry out bit (Cour) produced by the addi- 
tion of the bit from the addend with the bit from 
the augend and CG. 


Full-Scale Error Term used by some digital-to-analog 
converter manufacturers to specify the accuracy of 
a digital-to-analog converter. It is defined as the 
maximum deviation of a digital-to-analog con- 
verter’s Output from its expected ideal value. 


Full-Scale Output Maximum possible output value of a 
digital-to-analog converter. 


Functionally Equivalent When the logic functions per- 
formed by two different ICs are exactly the same. 


Function Generator Circuit that produces a variety of 
waveforms; can be constructed using a ROM, a 
DAC, and a counter. 


G Label used on an input inside an IEEE/ANSI symbol 
to indicate AND dependency. 


Glitch Momentary, narrow, spurious, and sharply de- 
fined change in voltage. 


Gray Code Code that always has only one bit changing 
when going from one step to the next. 


Half Adder Logic circuit with two inputs and two out- 
puts. The inputs are a bit from the augend and a 
bit from the addend, respectively. The outputs are 
the sum bit produced by the addition of the bit 
from the addend with the bit from the augend and 
the resulting carry (Cour) bit, which will be added 
to the next stage. 


Hard Disk Rigid metal magnetic disk used for mass 
storage. 


Hexadecimal Number System Number system which 
has a base of 16; digits 0 through 9 plus letters A 
through F are used to express a hexadecimal 
number. 


High-Level Language Computer programming —lan- 
guage that utilizes the English language in order 
to facilitate the writing of a computer program. 


Hold Time (4) Time interval immediately following the 
active transition of the clock signal during which 
the control input has to be maintained at the 
proper level. 


HPRI/BCD When used inside an IEEE/ANSI symbol, in- 
dication that the function of an IC is to convert the 
active input with the highest priority to its corre- 
sponding BCD code. 


Hybrid System System that employs both analog and 
digital techniques. 


IEEE/ANSI Institute of Electrical and Electronics Engi- 
neers/American National Standards Institute. 


Indeterminate Of a logic voltage level, outside the re- 
quired range of voltages for either logic 0 or logic 1. 


Inhibit Circuits Logic circuits that control the passage 
of an input signal through to the output. 


Input Unit That part of a computer which facilitates the 
feeding of information into the computer’s mem- 
ory unit or ALU. 


Interfacing Joining of dissimilar devices in such a way 
that they are able to function in a compatible and 
coordinated manner; connection of the output of a 
system to the input of a different system with dif- 
ferent electrical characteristics. 


Internal Memory High-speed portion of a computer's 
memory that holds the program and data the com- 
puter is currently working on. Also called main 
memory or working memory. 


Invert Cause a logic level to go to the opposite state. 


INVERTER Also referred to as the NOT circuit; logic cir- 
cuit that implements the NOT operation. An IN- 
VERTER has only one input, and its output logic 
level is always the opposite of this input’s logic 
level. 


Jam Transfer See Asynchronous Transfer. 


J-K Excitation Table Table showing the required / and 
K input conditions for each possible state transi- 
tion for a single J-K flip-flop. 


Johnson Counter Shift register in which the inverted 
output of the last flip-flop is connected to the 
input of the first flip-flop. 


Karnaugh Map Two-dimensional form of a truth table 
used to simplify a sum-of-products expression. 


Latch Type of flip-flop. 


Latch-up Condition of dangerously high current in a 
CMOS IC caused by high-voltage spikes or ringing 
at device input and output pins. 


LCD Liquid crystal display. 


Least Significant Bit (LSB) Rightmost bit (smallest 
weight) of a binary expressed quantity. 


Least Significant Digit (LSD) Digit that carries the 
least weight in a particular number. 


LED Light-emitting diode. 


Linearity Error Term used by some digital-to-analog 
converter manufacturers to specify the device’s ac- 
curacy. It is defined as the maximum deviation in 
step size from the ideal step size. 


Loading Factor See Fan-Out. 


Logic Circuit Any circuit that behaves according to a 
set of logic rules. 
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Logic Function Generation Implementation of a logic 
function directly from a truth table by means of a 
digital IC such as a multiplexer. 


Logic Level State of a voltage variable. The states 1 
(HIGH) and 0 (LOW) correspond to the two us- 
able voltage ranges of a digital device. 


Logic Probe Digital troubleshooting tool which senses 
and indicates the logic level at a particular point in 
a circuit. 


Logic Pulser Testing tool that generates a short-dura- 
tion pulse when manually actuated. 


Look-Ahead Carry Ability of some parallel adders to 
predict, without having to wait for the carry to 
propagate through the full adders, whether or not 
a carry bit (Cour) will be generated as a result of 
the addition, thus reducing the overall propaga- 
tion delays. 


Looping Combining of adjacent squares in a Karnaugh 
map containing 1s for purpose of simplification of 
a sum-of-products expression. 


Low-Power Schottky TTL (LS-TTL) TTL subfamily that 
uses the identical Schottky TTL circuit but with 
larger resistor values. 


Low-Power TTL (L-TTL) TTL subfamily which uses the 
basic TTL standard circuit except that all resistor 
values are increased. 


Low-Voltage Technology New line of logic devices that 
operates from nominal supply voltage of 3.3 V. 


LSI Large-scale integration (100 to 9999 gates). 


Machine Language Computer programming language 
in which groups of ls and Os are used to repre- 
sent instructions. Machine language is also the 
only language a computer actually understands. 


Magnetic Disk Memory Mass storage memory that 
stores data as magnetized spots on a rotating flat 
disk surface. 


Magnetic Tape Memory Mass storage memory that 
stores data as magnetized spots on a magnetically 
coated plastic tape. 


Magnitude Comparator Digital circuit that compares 
two input binary quantities and generates outputs 
to indicate whether the inputs are equal or, if not, 
which is greater. 


Mask-Programmed ROM (MROM) ROM that is pro- 
grammed by the manufacturer according to the 
customer’s specifications. It cannot be erased or 
reprogrammed. 

Mass Storage Storage of large amounts of data. Not 
part of a computer’s internal memory. 


Master/Slave Flip-Flops Obsolete flip-flops which 
have as their internal structure two flip-flops—a 
master and a slave. 


Maxicomputer Large computer system used to main- 
tain and update large quantities of data and infor- 
mation. 
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Maximum Clocking Frequency (/max) Highest fre- 
quency that may be applied to the clock input of 
a flip-flop and still have it trigger reliably. 


Memory Ability of a circuit’s output to remain at one 
state even after the input condition that caused 
that state is removed. 


Memory Cell Device that stores a single bit. 


Memory Unit Part of a computer which stores instruc- 
tions and data received from the input unit, as 
well as results from the arithmetic-logic unit. 


Memory Word Group of bits in memory that repre- 
sents instructions or data of some type. 


Microcomputer Newest member of the computer fam- 
ily, consisting of microprocessor chip, memory 
chips, and I/O interface chips. In some cases all of 
the aforementioned are in one single IC. 


Microprocessor (MPU) LSI chip that contains the cen- 
tral processing unit (CPU). 


Minicomputers Computers that are generally larger 
and faster and possess more capabilities than mi- 
crocomputers. 


Minuend Number from which the subtrahend is to be 
subtracted. 


— When used inside an IEEE/ANSI symbol and on a 
clock input, indication that the counter will be 
decremented by 1 when clocked. 


Mnemonic Abbreviation that represents the op code of 
a computer instruction. 


MOD Number Number of different states that a counter 
can sequence through; the counter’s frequency di- 
vision ratio. 

Monostable Multivibrator See One-Shot. 

Monotonicity Property whereby the output of a digital- 
to-analog converter increases as the binary input 
is increased. 

MOSFET Metal-oxide-semiconductor field-effect transis- 
tor. 

Most Significant Bit (CMSB) Leftmost binary bit Cargest 
weight) of a binary expressed quantity. 

Most Significant Digit (MSD) Digit that carries the 
most weight in a particular number. 


MSI Medium-scale integration (12 to 99 gates). 


Multibyte Instruction Computer instruction which is 
represented by more than one byte. 


Multiple-Address Instruction Computer instruction 
word that contains more than one address. 


Multiplexer (MUX) Logic circuit that, depending on 
the status of its select inputs, will channel one of 
several data inputs to its output. 


Multiplexing Process of selecting one of several input 
data sources and transmitting the selected data to 
a single output channel. 


Multistage Counter Counter in which several counter 
stages are connected so that output of one stage 


serves as the clock input of the next stage to 
achieve greater counting range or frequency divi- 
sion. 


NAND Gate Logic circuit which operates like an AND 
gate followed by an INVERTER. The output of a 
NAND gate is LOW (logic level 0) only if all inputs 
are HIGH (logic level 1). 


NAND-Gate Latch Flip-flop constructed from two cross- 
coupled NAND gates. 


Negation Operation of converting a positive number to 
its negative equivalent, or vice versa. A signed bi- 
nary number is negated by the 2’s-complement 
operation. 


NMOS (N-Channel Metal-Oxide-Semiconductor) In- 
tegrated-circuit technology that uses N-channel 
MOSFETs as the principal circuit element. 


Noise Spurious voltage fluctuations that may be present 
in the environment and cause digital circuits to 
malfunction. 


Noise Immunity Circuit’s ability to tolerate noise volt- 
ages On its inputs. 


Noise Margin Quantitative measure of noise immunity. 


Nonretriggerable One-Shot Type of one-shot that will 
not respond to a trigger input signal while in its 
quasi-stable state. 


Nonvolatile Memory Memory that will keep storing its 
information without the need for electrical power. 


Nonvolatile RAM Combination of a RAM array and an 
EEPROM or flash on the same IC. The EEPROM 
serves as a nonvolatile backup to the RAM. 


NOR Gate Logic circuit which operates like an OR gate 
followed by an INVERTER. The output of a NOR 
gate is LOW Cogic level 0) when any or all inputs 
are HIGH (logic level 1). 


NOR-Gate Latch Flip-flop constructed from two cross- 
coupled NOR gates. 


NOT Circuit See INVERTER. 


NOT Operation Boolean algebra operation in which 
the overbar (_) or the prime (2) symbol is used to 
indicate the inversion of one or more logic vari- 
ables. 


Observation/Analysis Process used to troubleshoot 
circuits or systems in order to predict the possible 
faults before ever picking up a troubleshooting in- 
strument. When this process is used, the trou- 
bleshooter must understand the circuit operation, 
observe the symptoms of the failure, and then rea- 
son through the operation. 


Octal Number System Number system which has a 
base of 8; digits from 0 to 7 are used to express 
an octal number. 


Octal-to-Binary Encoder See 8-Line-to-3 Line Encoder. 


Octets Groups of eight 1s that are adjacent to each 
other within a Karnaugh map. 


Offset Error Deviation from the ideal zero volts at the 
output of a digital-to-analog converter when the 
input is all Os. In reality, there is a very small out- 
put voltage for this situation. 


1-of-10 Decoder See BCD-to-Decimal Decoder. 


1’s-Complement Form Result obtained when each bit 
of a binary number is complemented. 


One-Shot Circuit that belongs to the flip-flop family but 
which has only one stable state (normally Q = 0). 


Op Code That part of a computer instruction that de- 
fines what type of operation the computer is to 
execute on specified data. 


Open-Collector Output Type of output structure of 
some TTL circuits in which only one transistor 
with a floating collector is used. 


Operand Data that are operated on by the computer as 
it executes a program. 


Operand Address Address in memory where operand 
is currently stored or is to be stored. 


Optical Disk Memory Class of mass memory devices 
that uses a laser beam to write and read onto a 
specially coated disk. 


OR Gate Digital circuit that implements the OR opera- 
tion. The output of this circuit is HIGH Cogic level 
1) if any or all of its inputs are HIGH. 


OR Operation Boolean algebra operation in which the 
symbol + is used to indicate the ORing of two or 
more logic variables. The result of the OR opera- 
tion will be HIGH (logic level 1) if one or more 
variables are HIGH. 


Output Unit That part of a computer that receives data 
from the memory unit or ALU and presents it to 
the outside world. 


Overflow When in the process of adding signed binary 
numbers a carry of 1 is generated from the MSB 
position of the number into the sign bit position. 


Override Inputs Synonymous with “asynchronous in- 
puts.” 


Parallel Adder Digital circuit made from full adders 
and used to add all the bits from the addend and 
the augend together simultaneously. 


Parallel Counter See Synchronous Counter. 


Parallel Data Transfer Operation by which the entire 
contents of a register are transferred simultane- 
ously to another register. 


Parallel In/Parallel Out Register Type of register that 
can be loaded with parallel data and has parallel 
outputs available. 


Parallel In/Serial Out Type of register that can be 
loaded with parallel data and has only one serial 
output. 


Parallel-to-Serial Conversion Process by which all 
data bits are presented simultaneously to a cir- 
cuit’s input and then transmitted one bit at a time 
to its output. 
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Parallel Transmission Simultaneous transfer of all bits 
of a binary number from one place to another. 


Parity Bit Additional bit that is attached to each code 
group so that total number of 1s being transmitted 
is always even (or always odd). 


Parity Checker Circuit that takes a set of data bits (in- 
cluding parity bit) and checks to see if it has the 
correct parity. 


Parity Generator Circuit that takes a set of data bits 
and produces the correct parity bit for the data. 


Parity Method Scheme used for error detection during 
the transmission of data. 


Percentage Resolution Ratio of the step size to the 
full-scale value of a digital-to-analog converter. 
Percentage resolution can also be defined as the 
reciprocal of the maximum number of steps of a 
digital-to-analog converter. 


Peripherals Computer input and output devices. 


Pin Compatible When the corresponding pins on two 
different ICs have the same functions. 


PLD Development Software Software that takes a 
logic design entered by the user and translates it 
into a “fuse plot” output file to be transferred to 
the programming fixture, which then programs the 
PLD by zapping the appropriate fuses. The CUPL 
software used in Chapter 12 is an example of 
high-level development software. 


+ When used inside an IEEE/ANSI symbol and on a 
clock input, indication that the counter will be in- 
cremented by 1 when clocked. 


Positional-Value System System in which the value of 
a digit is dependent on its relative position. 


Positive-Going Transition (PGT) When a clock signal 
changes from a logic 0 to a logic 1. 


Power-Supply Decoupling Connection of a small RF 
capacitor between ground and Vcc near each TTL 
integrated circuit on a circuit board. 


Power-Up Self-Test Program stored in ROM and exe- 
cuted by the CPU on power-up to test RAM 
and/or ROM portions of the computer circuitry. 


PRESET Asynchronous input used to immediately set 
O=1, 
Presettable Counter Counter that can be preset to any 


starting count either synchronously or asynchro- 
nously. 


Priority Encoder Special type of encoder that senses 
when two or more inputs are activated simultane- 
ously and then generates a code corresponding to 
the highest-numbered input. | 


Program Sequence of binary-coded instructions de- 
signed to accomplish a particular task by a com- 
puter. 


Program Counter (PC) CPU register that stores the ad- 
dress of the next instruction to be fetched. 
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Programmable Array Logic (PAL) Class of program- 
mable logic devices. Its AND array is programma- 
ble, while its OR array is hard-wired. 


Programmable Logic Array (PLA) Class of program- 
mable logic devices. Both its AND and its OR 
arrays are programmable. Also called a_field- 
programmable logic array (FPLA). 


Programmable Logic Device (PLD) IC that contains a 
large number of interconnected logic functions. 
The user can program the IC for a specific func- 
tion by selectively breaking the appropriate inter- 
connections. 


Programmable Output Polarity Feature of many PLDs 
whereby an EX-OR gate with a polarity fuse gives 
the designer the option of inverting or not invert- 
ing a device output. 


Programmable ROM (PROM) ROM that can be electri- 
cally programmed by the user. It cannot be erased 
and reprogrammed. 


Propagation Delays (fpiy/tpui) Delay from the time a 
signal is applied to the time when the output 
makes its change. 


Pull-Down Transistor See Current-Sinking Transistor. 
Pull-Up Transistor See Current-Sourcing Transistor. 


Quantization Error Error caused by the nonzero reso- 
lution of an analog-to-digital converter; this is an 
inherent error of the device. 


Quasi-Stable State State to which a one-shot is tem- 
porarily triggered (normally, Q = 1) before return- 
ing to its stable state (normally, Q = 0). 


R When used as a label for an input inside an 
IEEE/ANSI symbol, indication for a reset function. 


R/2R Ladder DAC Type of digital-to-analog converter 
whose internal resistance values span a range of 
only 2 to 1. 


Random-Access Memory (RAM) Memory in which the 
access time is the same for any location. 


RAS (Row Address Strobe) Signal used to latch the 
row address into a DRAM chip. 


RAS-Only Refresh Method for refreshing DRAM in 
which only row addresses are strobed into the 
DRAM using the RAS input. 


Read Term used to describe the condition when the 
CPU is receiving data from another element. 


Read-Only Memory (ROM) Memory device designed 
for applications where the ratio of read operations 
to write operations is very high. 


Read Operation Operation in which a word in a spe- 
cific memory location is sensed and_ possibly 
transferred to another device. 


Read/Write Memory (RWM) Any memory that can be 
read from and written into with equal ease. 


Refresh Counter Counter that keeps track of row ad- 
dresses during a DRAM refresh operation. 


Refreshing Process of recharging the cells of a dy- 
namic memory. 


Register Group of flip-flops capable of storing data. 
RESET Term synonymous with “CLEAR.” 
Reset State The QO = 0 state of a flip-flop. 


Resolution In a digital-to-analog converter, smallest 
change that can occur in the output for a change 
in digital input. Also called step size. In an analog- 
to-digital converter, smallest amount by which the 
analog input must change to produce a change in 
the digital output. 


Retriggerable One-Shot Type of one-shot that will re- 
spond to a trigger input signal while in its quasi- 
stable state. 


Ring Counter Shift register in which the output of the 
last flip-flop is connected to the input of the first 
flip-flop. 


Ripple Counter See Asynchronous Counter. 


Sample-and-Hold Circuit Type of circuit that utilizes 
a unity-gain buffer amplifier in conjunction with 
a capacitor to keep the input stable during an 
analog-to-digital conversion process. 


Sampling Interval Time window during which a fre- 
quency counter samples and thereby determines 
the unknown frequency of a signal. 


SBD Schottky barrier diode used in all Schottky TTL se- 
ries. 

Schmitt-Trigger Digital circuit that accepts a slow- 
changing input signal and produces a rapid, oscil- 
lation-free transition at the output. 


Schottky TTL TTL subfamily that uses the basic TTL 
standard circuit except that it uses a Schottky bar- 
rier diode (SBD) connected between the base and 
collector of each transistor for faster switching. 


Sequential-Access Memory (SAM) Memory in which 
the access time will vary depending on the storage 
location of the data. 


Sequential Logic System Logic system in which the 
logic output states and sequence of operations de- 
pend on both the present and past input condi- 
tions. 


Serial Data Transfer Transfer of data from one place 
to another one bit at a time. 


Serial In/Parallel Out Type of register that can be 
loaded with data serially and has parallel outputs 
available. 


Serial In/Serial Out Type of register that can be 
loaded with data serially and has only one serial 
output. 


Serial Transmission Transfer of binary information 
from one place to another a bit at a time. 


SET Term synonymous with DC SET. 
Set State The O = 1 state of a flip-flop. 


Settling Time Amount of time that it takes the output 
of a digital-to-analog converter to go from zero to 
within one-half step size of its full-scale value as 
the input is changed from all Os to all 1s. 


Setup Time (¢,) Time interval immediately preceding 
the active transition of the clock signal during 
which the control input has to be maintained at 
the proper level. 


Shift Register Digital circuit that accepts binary data 
from some input source and then shifts these data 
through a chain of flip-flops one bit at a time. 


Sigma > Greek letter that represents addition and is 
often used to label the sum output bits of a paral- 
lel adder. 


Sign Bit Binary bit that is added to the leftmost position 
of a binary number to indicate whether that num- 
ber represents a positive or a negative quantity. 


/ When used as an output label inside an IEEE/ANSI 
symbol, indication of separation of two functions. 


Speed-Power Product Numerical value (in joules) 
often used to compare different logic families. It is 
obtained by multiplying the propagation delay by 
the power dissipation of a logic circuit. 

Spike See Glitch. 


SRG, When used in the label for the common-control 
block inside an IEEE/ANSI symbol, indicator that 
the IC is an n-bit shift register. 


SSI Small-scale integration (fewer than 12 gates). 


Staircase Test Process by which a digital-to-analog 
converter’s digital input is incremented and its 
Output monitored to determine whether or not it 
exhibits a staircase format. 


Staircase Waveform Type of waveform generated at 
the output of a digital-to-analog converter as its 
digital input signal is incrementally changed. 

Static Accuracy Test Test in which a fixed binary value 
is applied to the input of a digital-to-analog con- 
verter and the analog output is accurately mea- 
sured. The measured result should fall within the 
expected range specified by the digital-to-analog 
converter’s manufacturer. 


Static RAM (SRAM) Semiconductor RAM that stores in- 
formation in flip-flop cells that do not have to be 
periodically refreshed. 


Step Size See Resolution. 


Straight Binary Coding Representation of a decimal 
number by its equivalent binary number. 


Strobing Technique often used to eliminate decoding 
spikes. 

Substrate Piece of semiconductor material which is part 
of the building block of any digital IC. 


Subtrahend Number that is to be subtracted from a 
minuend. 


Successive-Approximation ADC Type of analog-to- 
digital converter in which an internal parallel reg- 
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ister and complex control logic are used to per- 
form the conversion. The conversion time for this 
type of analog-to-digital converter is always the 
same regardless of the value of the input analog 
signal. 


Sum-of-Products Form Logic expression consisting of 
two or more AND terms (products) that are ORed 
together. 


Supercomputers Computers with greatest speed and 
computational power. 


Synchronous Counter Counter in which all the flip- 
flops are clocked simultaneously. 


Synchronous Inputs See Control Inputs. 


Synchronous Systems Systems in which the circuit 
outputs can change states only on the transitions 
of a clock. 


Synchronous Transfer Data transfer performed by 
using the synchronous and clock inputs of a flip- 
flop. 

Timing Diagram Depiction of logic levels as related to 
time. 


Toggle Mode Mode in which a flip-flop changes states 
for each clock pulse. 


Toggling Process of changing from one binary state to 
the other. 


Totem-Pole Output Term used to describe the way in 
which two bipolar transistors are arranged at the 
output of most TTL circuits. 


Transducer Device that converts a physical variable to 
an electrical variable (for example, a photocell or 
a thermocouple). 


Transmission Gate See Bilateral Switch. 


Transparent Of a D latch, operating so that the Q out- 
put follows the D input. 


Trigger Input signal to a flip-flop or one-shot which 
causes the output to change states depending on 
the conditions of the control signals. 


Tristate Type of output structure which allows three 
types of output states: HIGH, LOW, and high-im- 
pedance (Hi-Z). 


Truth Table Logic table that depicts a circuit’s output 
response to the various combinations of the logic 
levels at its inputs. 


TIL (Transistor-Transistor Logic) Integrated-circuit 
technology that uses the bipolar transistor as the 
principal circuit element. 
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Daa 


2’s-Complement Form Result obtained when a 1 is 
added to the least significant bit position of a bi- 
nary number in the 1’s-complement form. 


ULSI Ultralarge-scale integration (100,000 or more gates). 


Unasserted Term used to describe the state of a logic 
signal, synonymous with “inactive.” 


Unipolar ICs Integrated digital circuits in which unipo- 
lar field-effect transistors (MOSFETs) are the main 
circuit elements. 


Unit Load (UL) Way that some manufacturers specify a 
device’s input and output currents. In a standard 
TTL circuit, 1 UL in the high state is equal to 
40 mA, and in the low state is equal to 1.6 mA. 


Up Counter Counter that counts upward from zero to a 
maximum count. 


Up/Down Digital-Ramp ADC Type of analog-to-digital 
converter that uses an up/down counter to step up 
or step down the voltage from a digital-to-analog 
converter until it intersects the analog input. 


VLSI Very large-scale integration (10,000 to 99,999 
gates). 


Volatile Memory Memory requiring electrical power to 
keep information stored. 


Voltage-Controlled Oscillator (VCO) Circuit that pro- 
duces an output signal with a frequency propor- 
tional to the voltage applied to its input. 


Voltage-Level-Translator Circuit that takes one set of 
input voltage levels and translates it to a different 
set of output levels. 


Voltage-to-Frequency ADC Type of analog-to-digital 
converter that converts the analog voltage to a 
pulse frequency that is then counted to produce a 
digital output. 


Wired-AND Term used to describe the logic function 
created when open-collector outputs are tied to- 
gether. 


Word Group of bits that represent a certain unit of in- 
formation. 


WRITE Term used to describe the condition when the 
CPU is sending data to another element. 


Write Operation Operation in which a new word is 
placed into a specific memory location. 


— When used in the label for an input inside an 
IEEE/ANSI symbol, indication that when an active 
transition exists at that input, a shift-right opera- 
tion will result. 


APPENDIX : 


Manufacturers 
IC Data Sheets 


These data sheets are presented through the courtesy of Fairchild, a 
Schlumberger Company, and Texas Instruments Incorporated. 


CONNECTION DIAGRAMS 
PINOUT A 


54/7400 
54H/74H00 
54S/74S00 

54LS/74LS00 
QUAD 2-INPUT NAND GATE 


ORDERING = omuecaranne See Section 9 


| COMMERCIAL GRADE | GRADE MILITARY GRADE PINOUT B 


PKGS Voc = +5.0 V +5%, Voc = +5.0 V +10%, 
Ta = 0°C to +70°C Ta = -55°C to +125°C 


Plastic 
DIP (P) 


Ceramic 
DIP (D) 


Flatpak 
(F) 


INPUT LOADING/FAN-OUT: See Section 3 for U.L. definitions 


a 54/74 (U.L.) | 54/74H (U.L.) | 54/748 (U.L.) | 54/74LS (ULL.) 
HIGH/LOW | HIGH/LOW HIGH/LOW HIGH/LOW 


Inputs i071, 1.25/1.25 1.25/1.25 0.5/0.25 
Outputs 12.6/12.5 25/12.5 10/5.0 
(2.5) 


DC AND AC CHARACTERISTICS: See Section 3° 


SYMBOL PARAMETER 
Power Supply 
Current 
Propagation Delay 


°“DC limits apply over operating temperature range; AC limits apply at Ta = +25°C and Vcc = +5.0 V. 
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CONNECTION DIAGRAMS 
PINOUT A 


54/7404 
94H/74H04 
94S/74S04 

94S/74S04A 
S4LS/74LS04 
HEX INVERTER 


ORDERING CODE: See Section 9 
pin | COMMERCIAL GRADE| MILITARY GRADE | 37 
PKGS Voc = +5.0 V +5%, Voc = +5.0 V +10%. 
OUT! 4 =0°Cto +70°C | Ta =-55°C to +125°C | TYPE 


Plastic 7404PC, 74HO4PC PINOUT B 
DIP (P) 74S04PC, 74S04APC 9A 
74LSO4PC 


7404DC, 74H04DC 5404DM, 54H04DM 
74S04DC, 74S04ADC 54S04DM, 54S04ADM 
74LS04DC 54LS04DM 


A 74S04FC, 74S04AFC 54S04FM, 54SO04AFM 
Flatpak 74LSO4FC 54LSO04FM 3I 


ve |B |7404FC, 74HO4FC 5404FM, 54HO4EM 


INPUT LOADING/FAN-OUT: See Section 3 for U.L. definitions 


PINS 54/74 (U.L.) 54/74H (U.L.) | 54/745 (U.L.) | 54/74LS (U.L.) 
HIGH/LOW HIGH/LOW HIGH/LOW HIGH/LOW 


Inputs 1.29/1.25 1.25/1.25 0.5/0.25 
Outputs 12.5/12.5 25/12.5 10/5.0 
(2.5) 


Ceramic 
DIP (D) 


DC AND AC CHARACTERISTICS: See Section 3° 


SYMBOL PARAMETER 
Power Supply 45 
ale 2 


“OC limits apply over operating temperature range, AC limits apply at Ta = +25°C and Vcc = +5.0 V. 
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CONNECTION DIAGRAMS 
PINOUT A 


54/7405 
54H/74H05 
54S/74S05 

54S/74S05A 

54LS/74LS05 

HEX INVERTER 
(With Open-Collector Output) 


ORDERING CODE: See Section 9 


COMMERCIAL GRADE MILITARY GRADE 


PKGS Vcc = +5.0 V +5%, Voc = +5.0 V, +10%, 
OUT) ta=0°Cto+70°C | Ta=-55°C to +125°C | TYPE 


Plastic 7405PC, 74HOSPC PINOUT B 
DIP (P) 74S05PC, 74SO5APC 9A 
74LSO5PC 


7405D0C, 74HO5DC 54050M, 54HOSDOM 
74S05DC, 74SO5ADC 54S05DM, 54S05ADM 
74LSO05DC 54LSO5DM 


Ceramic 
DIP (D) 


74S05FC, 74SO5AFC 54S05FM, 54SO5AFM 
Flatpak 74LSO5FC S4LSO5FM 


ie -— 7405FC, 74HOSFC 5405FM, 54HOSFM 


INPUT LOADING/FAN-OUT: See Section 3 for U.L. definitions 


PINS 54/74 (U.L.) 54/74H (U.L.) | 54/748 (U.L.) | 54/74LS (U.L.) 
HIGH/LOW HIGH/LOW HIGH/LOW HIGH/LOW 


Inputs 0/1. 1.25/1.25 1.25/1.25 0.5/0.25 
Outputs OC**/12.5 OC**/12.5 0c*"/5.0 
(2.5) 


DC AND AC CHARACTERISTICS: See Section 3° 


SYMBOL PARAMETER on ae ie eu TaeS roars li CONDITIONS 


Current Vai= | Vin = Open 
Sore 
Propagation Delay ; 

. 3-2, 3-4 


*OC limits apply over operating temperature range, AC limits apply at Ta = +25°C and Vcc = +5.0 V. 
**OC— Collector 
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CONNECTION DIAGRAM 
PINOUT A 


54/7406 


HEX INVERTER BUFFER/DRIVER 
(With Open-Collector High-Voltage Output) 


ORDERING CODE: See Section 9 


PIN COMMERCIAL GRADE MILITARY GRADE PKG 


PKGS OUT Vcc = +5.0 V +5%, Vec = +5.0 V +10%, 
Ta = 0°C to +70°C Ta = -58°C to +125°C 


Plastic 
DIP (P) 


Ceramic 
DIP (D) 


Flatpak 
(F) 


INPUT LOADING/FAN-OUT: See Section 3 for U.L. definitions 


54/74 (U.L.) 
HIGH/LOW 


Inputs 1.0/1.0 
Outputs OC**/10 


PINS 


DC AND AC CHARATERISTICS: See Section 3° 


CONDITIONS 


lo. = 30 mA 
lo. = 16 mA 
Vou = 30 V, Vcc = Min 


IOH Output HIGH Current 


0.4 
lech Power Supply Current = m Lvin=Gnd | Vcc = Max 
tPLH 15 
p « . 
ak. ropagation Delay Fig. 3-2, 3-4 


“DC limits apply over operating temperature range; AC limits apply at Ta = +25°C and Vcc = +5.0 V. 
**°OC — Open Collector 


mA 
A 
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CONNECTION DIAGRAM 
PINOUT A 


54/7414 
54LS/74LS14 
HEX SCHMITT TRIGGER INVERTER 


ORDERING CODE: See Section 9 


COMMERCIAL GRADE MILITARY GRADE 


PKGS _ +§.0 V +5%, Baie +5.0 V +10%, TYPE 
= 0°C to +70°C = -55°C to +125°C 


Plastic 
Galame 7414DC, 74LS14DC —|5414DM, 54LS14DM 
DIP (D) 
GND{7] 
bs Few 7T4LS14FC | 5414FM, 54LS14FM ral 


INPUT LOADING/FAN-OUT: See Section 3 for U.L. definitions 


PINS 54/74 (U.L.) §4/74LS (U.L.) 
HIGH/LOW HIGH/LOW 


Inputs 1.0/1.0 0.5/0.25 
Outputs 20/10 10/5.0 
(2.5) 


DC AND AC CHARACTERISTICS: See Section 3° 


SYMBOL PARAMETER a a 74LS | UNITS CONDITIONS 


Positive-going _ 
Negative-going 7 
ai Threshold Voltage a Be we font 


Vt+ — Vr-| Hysteresis Voltage | os | 04 fF ov Voc = +5.0 V 
Input Current at Positive- _ 7 
Input Current at Negative- -0.18** = +5.0 V, Vin = Vt- 
oc aa Threshold 


iu | Input LOW Current aa = Max, Vin = 0.4 V 
los Output Short Circuit Current -20 -100 SI = Max, Vout = 0 V 


IccH Power Supply Current Vcc = Max 
ICcL VIN = | Vin = Open | 
tPLH ; 


“OC limits apply over operating temperature range; AC limits apply at Ta = +25°C and Vcc = +5.0 V. **Typical Value 
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CONNECTION DIAGRAMS 
PINOUT A 


94/7420 
94H/74H20 
54S/74S20 

S4LS/74LS20 
DUAL 4-INPUT NAND GATE 


ORDERING CODE: See Section 9 


PIN COMMERCIAL GRADE MILITARY GRADE PKG PINOUT B 
PKGS OUT 


Voc = +5.0 V +5%, 
Ta = 0°C to +70°C 


Plastic 
DIP (P) 


Ceramic 
DIP (D) 


Flatpak 


INPUT LOADING/FAN-OUT: See Section 3 for U.L. definitions 


sine 54/74 (U.L.) | 54/74H (U.L.)|} 54/74S (U.L.) | 54/74LS (ULL.) 
HIGH/LOW HIGH/LOW | HIGH/LOW | HIGH/LOW 


Inputs 1.0/1.0 1.25/1.25 1.25/1.25 0.5/0.25 
Outputs 20/10 12.5/12.5 25/12.5 10/5.0 


(2.5) 


OC AND AC CHARACTERISTICS: See Section 3” 


SYMBOL CONDITIONS 
Min Max|Min Max| Min Max 


Power Supply 4.0 Vin = Gnd 
Current 11 Vin = Open 
ee Figs. 3-1, 3-4 


“OC limits apply over operating temperature range; AC limits apply at Ta = +25°C and Vcc = +5.0 V. 
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DIPs 


Reliability 


description 


These devices contain two independent 4-input 
NAND gates. They perform the Boolean 
functions Y = AeBeCe-DorY = A+B+C+Din 


positive logic. 


The SN54ALS20A and SN54AS20 are 
characterized for operation over the full military 
temperature range of —55°C to 125°C. The 
SN74ALS20A and SN74AS20 are characterized 


for operation from O°C to 70°C. 


FUNCTION TABLE (each gate) 


logic symbolt 


(1) 


T This symbol is in accordance with ANSI/IEEE Std 91-1984 and 


IEC Publication 617-12. 


Pin numbers shown are for D, J, and N packages. 


SNS54ALS20A, SN54AS20.. . J PACKAGE 
SN74ALS20A, SN74AS20 ...D OR N PACKAGE 


(TOP VIEW) 


@ Package Options Include Plastic ‘‘Small 
Outline’’ Packages, Ceramic Chip Carriers, 
and Standard Plastic and Ceramic 300-mil 


@ Dependable Texas Instruments Quality and 


SN54ALS20A, SN54AS20, SN74ALS20A, SN74AS20 
DUAL 4-INPUT POSITIVE-NAND GATES 


D2661, APRIL 1982—REVISED MAY 1986 


SN54ALS20A, SN54AS20.. . FK PACKAGE 


(TOP VIEW) 
O 
2z99Q 
i) eS Ld 
3 2 1. 20.19 
NCJ 4 18L} 2C 
NCU 5 17U NC 
1c fJ6 16L] NC 
NC [J 7 ISL] NC 


1078 14(] 2B 
9 11.12 13 
7 aon Ven 0 oe 
~ A O> < 
oO 


NC—-No internal connection 


logic diagram (positive logic) 


1A 
1B 
1C 
1D 
2A 
2B 
2C 
2D 


2Y 


PRODUCTION DATA documents contain information 
current as of publication date. Products conform to 
specifications per the terms of Texas Instruments 
standard beatdeil k Production processing does not 
necessarily include testing of all parameters. 
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SN5S4ALS20A, SN74ALS20A 
DUAL 4-INPUT POSITIVE-NAND GATES 


absolute maximum ratings over operating free-air temperature range (unless otherwise noted) 


Supply Voltage, VCC «dex 4 ye dine ba ere wa ib Rae Ne eee Heke do bbw saw aunchuee eh dca: 7V 
NDUE VONAGE: 3 & on arcs oe POD ee Ea OOo abo H wk bob pe Yen a dS og doe Woe, Ac 7V 
Operating free-air temperature range: SN54ALS20A ....... Oe fare esos we ee ee =55 °C 10 129°C 

SN74ALS20A ... 0... ee OPC ta 70°C 
Storage temperature range ..........0 0.000. eee ee. =65°C 16: 150°C 


recommended operating conditions 


VIH High-level input voltage 
“0.4 =0.4 


ioL____Lowrlevel output current Ss 
TA Operating free-air temperature —55 125 


electrical characteristics over recommended operating-free-air temperature range (unless otherwise 


noted) 


SN54ALS20A SN74ALS20A 
PARAMETER TEST CONDITIONS 
MIN TYPt MAX | MIN. TYPt MAX 
Vee = 45, i = —18 mA 


Veco = 4.5Vto5.5V, Igy = -0.4mA Vcc -2 Vcc -2 
Vcc = 4.5 V, lo. = 4mA 0.25 0.4 0.25 0.4 


lol = BmA 


IoCL 


T All typical values are at Vcc = 5 V, Ta = 25°C. 
+ The output conditions have been chosen to produce a current that closely approximates one half of the true short-circuit output current, los. 


Switching characteristics (see Note 1) 


Vcc = 5V. 


Vcc = 4.5 V to 5.5 V, 


Ci. = 50 pF, Cy = 50 pF, 
FROM TO Ri, = 5002, Ri = 500 2, 
PARAMETER 
(INPUT) (OUTPUT) Ta = 25°C Ta = MIN to MAX 


ve wn MAX IN aX 
3 r 
a CS 70 


NOTE 1: Load circuit and voltage waveforms are shown in Section 1. 
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SN54AS20, SN74AS20 
DUAL 4-INPUT POSITIVE-NAND GATES 


absolute maximum ratings over operating free-air temperature range (unless otherwise noted) 


Supply Voltage, VEC nos oa.2-5 sees oe ee owe Caw Soe oe 6 Pe ae ee ee oe oe we 7V 
HID VONAGE o4.ga des oe oe ee eed aed boo OHSU ELE oe ee Cee ee Gad eee oes 7V 
Operating free-air temperature range: SN54AS20 ...... 2.2... . 000.2200 ee =5o°C10 125°C 

SN 794520... 64 bes bee we Se wears 4a ew es OF? C to 70°C 


Storage temperature TaNGe: 6 fas ee hae ede caw e Od OE Dee RAE W Oe RE RS =65.°C to 150°C 


recommended operating conditions 


V Supply voltage 4 5 5.5 | 4.5 5 5.5 


cc 5 
Vii High-level input voltage 
VIL 

H 


TW, Low-level input voltage ———SSCSCS~C~SC—SC—“—‘—sSCC—“—CSsSSsS~SSSC“‘“‘CS TC 


electrical characteristics over recommended operating-free-air temperature range (unless otherwise 
noted) 


| __SN54AS20__—si SN74AS20 
PARAMETER TEST CONDITIONS = 
MIN TYP? MAX | MIN. TYP MAX 


VOH Vcc = 4.5 V to 5.5 V, 


Vec = 5.5 V, 
Vcc = 5.5 V, 
Vec = 3:5 ¥, 


ICEL Vcc = 5.5 V, 


T All typical values are at Vcc = 5 V, Ta = 25°C. 
+ The output conditions have been chosen to produce a current that closely approximates one half of the true short-circuit output Current, IQs. 


switching characteristics (see Note 1) 


Vcc = 4.5 V to 5.5 V, 
Cy = 50 pF, 
FROM TO Ry, = 500 2, 
PARAMETER 
(INPUT) (OUTPUT) Ta = MIN to MAX 
[TSNS@AS20__[ __SN74AS70 


NOTE 1: Load circuit and voltage waveforms are shown in Section 1. 
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TYPES SN54LS20, SN74LS20 
DUAL 4-INPUT POSITIVE-NAND GATES 


recommended operating conditions 


ViH High-level input voltage 
: 


1IOH = High-level output current 
loOL Low-level output current 
TA Operating free-air temperature — 55 12 0 70 


SN54LS20 SN74LS20 
UNIT 
MIN TYP$ MAX | MIN TYPt MAX 
Cs fra 
VOH Vcc = MIN, Vit = MAX, lon = —0.4mA 2:5 3.4 2.7 3.4 
wn Vinee isa ozs oa [oa] 
VOL v 
Voo= MIN, Vin=2V.1gL= 8A ae 
= - Vi =4. 


TEST CONDITIONS tf 


Vec=MIN, t;=—18mA 


t For conditions shown as MIN or MAX, use the appropriate value specified under recommended operating conditions. 
t All typical values are at Vec =5 V, Ta = 25°C. 
§ Not more than one output shouid be shorted at a time, and the duration of the short-circuit should not exceed one second. 


MIN TYP MAX | UNIT 


switching characteristics, Vcc = 5 V, Ta = 25°C (see note 2) 


FROM To 
PARAMETER 
(INPUT) (OUTPUT) 
Any Y 


NOTE 2: See General Information Section for load circuits and voltage waveforms. 


TEST CONDITIONS 
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HIGH-SPEED TABLE | 
CMOS LOGIC SPECIFICATIONS FOR HC SSI CIRCUITS 


D2804, DECEMBER 1982—REVISED MARCH 1984 


absolute maximum ratings over operating free-air temperature range? 


Supply voltage range, VCC .... 2. eee eee ns -O0.5Vto7V 
Input diode current, I\K(VJ] < Oor Vj > VCC) .. 2... ee ee +20 mA 
Output diode current, IOK(VO < OorVQ > VCC) ... 2... eee +20 mA 
Continuous output current, lO (VO = Oto VCC)......... 0... ee ee +25 mA 
Continuous current through Vcc or GND pins ............ 0.0.0.0... ee ee ee +50 mA 
Lead temperature 1,6 mm (1/16 inch) from case for 60 seconds: FH, FK, or J package .... 300°C 
Lead temperature 1,6 mm (1/16 inch) from case for 10 seconds: FN or N package........ 260 °C 


Storage temperature range 
t Stresses beyond those listed under ‘‘absolute maximum ratings’’ may cause permanent damage to the device. These are stress ratings 


only and functional operation of the device at these or any other conditions beyond those indicated under ‘‘recommended operating 
conditions”’ is not implied. Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability. 


recommended operating conditions 


Vcc = 2V 1.5 


Vi High-level input voltage 3.15 3.15 


ov 
EE 


Vit Low-level input voltage 


VI 
Vo Output voltage 


Input voltage 


{o) 
< 
(@) 
O 
< 


Clolo o Off 
S|I6|- 020° 
le) NM © W 
> 

00 Olf 
-0o00o 

NM © WwW 
p< 


Input transition (rise and fall) times 


(except Schmitt-trigger inputs) 


Ta Operating free-air temperature 


electrical characteristics over recommended operating free-air temperature range (unless otherwise 


noted) 
eee eGNsmiGN: 7 Ta = 25°C SN54HC’ SN74HC’ 
CC TmMIN. TYP MAX | MIN MAX 
2V 


PARAMETER 
1,9 1.998 3 1.9 
Vi = Vin or Vit. lOH = -—20 vA | 4.5 V 4.4 4.499 4.4 
6V 3.9 5.999 V 
Vi = Vin or Vit. lon = -—4 mA 3.98 4.30 
6V 
6V 
2V 


on 
o 


outputs) 


VOH 
Vi = Vin or Vit. IOH = —5.2 mA[ 6V | 5.48 5.80 


4.4 
(Totem-pole 5.9 
| 
pow a 7 
0.1 


1OH 
(Open-drain 


Vi = Vin or Vit. Vo = Vec 
outputs) 


0.002 0.1 
Vi = Vin or Vic. lon 4.5 V 0.001 0.1 0.1 
6V 0.001 0.1 0.1 


TThis parameter applies only for Schmitt-trigger inputs. 
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HIGH-SPEED TYPES SN54HC20, SN74HC20 
CMOS LOGIC DUAL 4-INPUT POSITIVE-NAND GATES 


D2684, DECEMBER 1982—REVISED MARCH 1984 


@ Package Options Include Both Plastic and SNS4HC20 .. . J PACKAGE 


‘ : A F ae . SN74HC20 ...J OR N PACKAGE 
Ceramic Chip Carriers in Addition to Plastic (TOP VIEW) 


and Ceramic DIPs 


@ Dependable Texas Instruments Quality 
and Reliability 


description 

These devices contain two independent 4-input NAND 

gates. They perform the Boolean functions SN54HC20... FH OR FK PACKAGE 

Y =A+BeC-D or Y=A+B+C+D in positive logic. SN74HC20 ... FH OR FN PACKAGE 
(TOP VIEW) 

The SN54HC20 is characterized for operation over the 

full military temperature range of — 55°C to 125°C. oat vo 5 O 

The SN74HC20 is characterized for operation from — 6 = 

-40°C to 85°C. 2 12019 


logic symbol 


10 1112 13 


~>~aO> 
- ZINN 


NC—No internal connection 


FUNCTION TABLE (each gate) 


aa OUTPU 


Pin numbers shown are for J and N packages. 


maximum ratings, recommended operating conditions, and electrical characteristics 
See Table |, page 2-4. 


switching characteristics over recommended operating free-air temperature range (unless otherwise 


noted), C_ = 50 pF (see Note 1) 


F 

PARAMETER — 

(INPUT) ona 

pS a = | 


| pg | Power dissipation capacitance per gate No load, Ta = 25°C 25 pF typ 


NOTE 1: For load circuit and voltage waveforms, see page 1-14. 
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CONNECTION DIAGRAM 
PINOUT A 


54/7432 
54S/74S32 
54LS/74LS32 
QUAD 2-INPUT OR GATE 


ORDERING CODE: See Section 9 


COMMERCIAL GRADE MILITARY GRADE 


PKGS Vcc = +5.0 V +5%, Vcc = +5.0 V +10%, TYPE 
Ta = 0°C to +70°C Ta = -55°C to +125°C 


Plastic 7432PC, 74S32PC 
DIP (P) 74LS32PC 
Ceramic 74320C, 74S32DC 5432DM, 54S32DM 6A GNO 
DIP (D) 74LS320C 54LS32DM 
ci 7432FC, 74S32FC 5432FM, 54S32FM 
74LS32FC 54LS32FM 


INPUT LOADING/FAN-OUT: See Section 3 for U.L. definitions 


| ise 54/74 (U.L.) 54/748 (U.L.) 54/74LS (U.L.) 
HIGH/LOW HIGH/LOW HIGH/LOW 


Inputs 1.0/1.0 1.25/1.25 0.5/0.25 
Outputs 20/10 25/12.5 10/5.0 
(2.5) 


DC AND AC CHARACTERISTICS: See Section 3 for U.L. definitions 


PARAMETER ef ef TE uns 


Power Supply Current — 
9.8 
Propagation Delay } propagation Delty = |S oe s + ae 


*OC limits apply over operating temperature range; AC limits apply at Ta = +25°C and Vcc = +5.0 V. 


| SYMBOL CONDITIONS 


Vin = | Vin = Open 


Figs. 3-1, 3-5 


cc = Max 
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CONNECTION DIAGRAM 
PINOUT A 


54/7437 
S4LS/74LS37 
QUAD 2-INPUT NAND BUFFER 


ORDERING CODE: See Section 9 
pin | COMMERCIAL GRADE MILITARY GRADE — 
PKGS Voc = +5.0 V +5%, Voc = +5.0 V +10%, 
OUT! ta =0°Cto+70°C | Ta =-55°c to +125°C | TYPE 


Plastic 

DIP (P) Se ae 
ceramic 7437DC, 74LS37DC 5437DM, 54LS37DM 

DIP (D) 

oi A |7437FC, 74LS37FC 5437FM, 54LS37FM 


INPUT LOADING/FAN-OUT: See Section 3 for U.L. definitions 


PINS 54/74 (U.L.) 54/74LS (U.L.) 
HIGH/LOW HIGH/LOW 


Inputs 0.5/0.25 
Outputs 30/15 
(7:5) 


DC AND AC CHARACTERISTICS: See Section 3* 


SYMBOL PARAMETER UNITS CONDITIONS 


Vcc = Max, lon = -1.2 mA 
VIN = Vic 


V 
lo. = 48 mA : 
aaa 
Vot y ol 2 ek Vin = 2.0 V 
A 


VOH 


lo. = 24 mA 
Output Short -20 -70] -30 -130 


Circuit Current -18 -70|-30 -130 Vec = Min, Vout = 0 V 


15.5 2.0 : 
qj _ 


Figs. 3-1, 3-4 


m 


tPLH 
tPHL 


“DC limits apply over operating temperature range; AC limits apply at Ta = +25°C and Vcc = +5.0 V. 
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CONNECTION DIAGRAM 
PINOUT A 


54/7486 
54S/74S86 
S4LS/74LS86 
QUAD 2-INPUT EXCLUSIVE-OR GATE 


ORDERING CODE: See Section 9 


COMMERCIAL GRADE MILITARY GRADE 


PKGS Vcc = +5.0 V +5%, Vcc = +5.0 V +10%, TYPE 
Ta = 0°C to +70°C Ta = -55°C to +125°C 


Plastic 7486PC, 74S86PC 
DIP (P) 74LS86PC 
Ceramic A 7486DC, 74S86DC 5486DM, 54S86DM 6A nD 
DIP (D) 74LS86DC 54LS86DM 
Flatpak A 7486FC, 74S86FC 5486FM, 54S86FM 
(F) 74LS86FC S4LS86FM 


INPUT LOADING/FAN-OUT: See Section 3 for U.L. definitions 


—_— 54/74 (U.L.) 54/74S (U.L.) 54/74LS (U.L.) 
HIGH/LOW HIGH/LOW HIGH/LOW 


Inputs 1.0/1.0 1.25/1.25 1.0/0.375 
Outputs 20/10 25/12.5 10/5.0 


(2.5) 


DC AND AC CHARACTERISTICS: See Section 3* 


| panameren [SATA] SATS | SAS lors 
Power [Power Supply Current Current apes 


“DC limits appiy over operating temperature range; AC limits apply at Ta = +25°C and Vcc = +5.0 V. 


SYMBOL CONDITIONS 


Vcc = Max, Vin = Gnd 


Other Input LOW 
Figs. 3-1, 3-5 


Other Input HIGH 
Figs. 3-1, 3-4 
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SN54290, SN54293, SN54LS290, SN54LS293, 
SN74290, SN74293, SN74LS290, SN74LS293 
DECADE AND 4-BIT BINARY COUNTERS 


MARCH 1974 — REVISED MARCH 1988 


‘ , SN54290, SN54LS290, SN54293, 
290, ‘LS290 .... DECADE COUNTERS SNB4US299.. ...) OR W PACKAGE 
‘293, ‘LS293 ... 4-BIT BINARY COUNTERS SN74290, SN74293 ... N PACKAGE 
SN74LS290, SN74LS293 .. . D OR N PACKAGE 
e GND and Vcc on Corner Pins LPP view) 
(Pins 7 and 14 Respectively) 
ah e 141 Vcc NC U1 oS 141 J Vcc 
description 131) RO(2) NC (2 
120) RO(1) NC U3 
The SN54290/SN74290, SN54LS290/SN74LS290, 110 cKB Oc Oa 
SN54293/SN74293, and SN54LS293/SN74LS293 101] CKA Og Cs 
counters are electrically and functionally identical to of] Oa nc Cle 
the SN5490A/SN7490A, SN54LS90/SN74LS90, 8 Op GND 17 


SN5493A/SN7493A, and SN54LS93/SN74LS93, 
respectively. Only the arrangement of the terminals 
has been changed for the ‘290, 'LS290, ‘293, and 


SN54LS290, SN54LS293 .. . FK PACKAGE 
‘LS293. 


(TOP VIEW) 
Each of these monolithic counters contains four 
master-slave flip-flops and additional gating to pro- 
vide a divide-by-two counter and a three-stage binary 
counter for which the count cycle length is divide- 
by-five for the ‘290 and ‘'LS290 and divide-by-eight 
for the ‘293 and 'LS293. 


All of these counters have a gated zero reset and the 
‘290 and ‘LS290 also have gated set-to-nine inputs for 
use in BCD nine’s complement applications. 


To use the maximum count length (decade or four-bit 
binary) of these counters, the B input is connected to 
the Qa output. The input count pulses are applied to 
input A and the outputs are as described in the 
appropriate function table. A symmetrical divide-by- 


ten count can be obtained from the ‘290 and ‘LS290 ‘S293 
counters by connecting the Op output to the A input ON 
. ; OoUoS 
and applying the input count to the B input which >S>as = 
gives a divide-by-ten square wave at output Oa. a 9 Sw g am 
1 


NC - No internal connection 


PRODUCTION DATA documents contain information - 
current as of publication date. Products conform to | 
specifications per the terms of Texas Instruments TEXAS 

standard warranty. Production processing does not | 

necessarily include testing of all parameters. NSTRUM ENTS 


POST OFFICE BOX 655012 * DALLAS, TEXAS 75265 
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SN54290, SN54293, SN54LS290, SN54LS293, 
SN74290, SN74293, SN74LS290, SN74LS293 
DECADE AND 4-BIT BINARY COUNTERS 


‘290, 'LS290 ‘290, ‘LS290 ‘293, 'LS293 
BCD COUNT SEQUENCE BI-QUINARY (5-2) ‘290, ‘LS290 COUNT SEQUENCE 
(See Note A) (See Note B) RESET/COUNT FUNCTION TABLE (See Note C) 


OUTPUT 


: OUTPUT 
Qo Ac Og Aa 
tok 


OUTPUT 
Qa Ap Ac Ag 
L 


Qo Oc Qg Aa 
Et £ EC 


OQ 
ie) 
Cc 
2 
+ 
2) 
fe) 
Cc 
2 


OmMWnNI DM &@ WN — OC 


rrr rr rrr F Fe 
CR 2. PT rr eS 
er zr Tr rz ZS ce 
rT rE ele Lee 
eeversence 
T FY Trt Ir er errr 
DO aa el oe a CO ee ee oC ed 
ee FT rTIrr er rT zr 
Cc Lr Te rae ze 


OOMDOnN DOF WN = CO 


‘293, ‘S293. 
RESET/COUNT FUNCTION TABLE 


aee és 5 , bec BER | RESET INPUTS | OUTPUT 
: A. utput Qa is connected to input or count. Row) Rov) | 
Row) A 
B. Output Qp is connected to input A for bi-quinary on m2 D Gc [8 


L Ls L L 
L x 
x t 


‘290, 'LS290 ‘293, 'LS293 


~_ 
- oO 


—-_— —_ 
WN 


count. 
C. Output Qa is connected to input B. 
D. H = high level, L = low level, X = irrelevant 


B 
ple a > > > Cae Se A a a a oR a a 


22D Le er er a ett ee er 
Zor er terri tr rg eer 
rete ret er fe Te Te Te 


on 


logic diagrams (positive logic) 


INPUT A 


INPUT B 
INPUT B 


Pin numbers shown are for D, J, N, and W packages. 
The J and K inputs shown without connection are for reference only and are functionally at a high level. 


49 
TEXAS 
INSTRUMENTS 


POST OFFICE BOX 655012 ¢ DALLAS, TEXAS 75265 
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112 


CONNECTION DIAGRAM 
PINOUT A 


94S/74$112 
S4LS/74LS112 


DUAL JK NEGATIVE 
EDGE-TRIGGERED FLIP-FLOP 


DESCRIPTION — The '112 features individual J, K, Clock and asynchronous 
Set and Clear inputs to each flip-flop. When the clock goes HIGH, the inputs 
are enabled and data will be accepted. The logic level of the J and K inputs 
may change when the clock is HIGH and the bistable will perform according 
to the Truth Table as long as minimum setup and hold times are observed. 
Input data is transferred to the outputs on the falling edge of the clock pulse. 


TRUTH TABLE 


J K 


Asynchronous Inputs: 
LOW input to Sp sets Q to HIGH level 
LOW input to Cp sets Q to LOW level 
Clear and Set are independent of clock 
Simultaneous LOW on Cp and Sp 

makes both Q and Q HIGH 


LOGIC SYMBOL 


tn = Bit time before clock pulse. 
tn + 1 = Bit time after clock pulse. 
H = HIGH Voltage Level 

L = LOW Voltage Level 


ORDERING CODE: See Section 9 


PIN COMMERCIAL GRADE MILITARY GRADE 
OUT 


Vcc = +5.0 V +5%, Vcc = +5.0 V +10%, 
Ta = 0°C to +70°C Ta =-55°C to +125°C 


oe A |748112PC, 74LS$112PC 

DIP (P) Mee eieie 
: GND = Pin 8 

Sle 74S112DC, 74LS112DC |54S112DM, 54LS112DM 


Flatpak 
(F) 


74S112FC, 74LS112FC = |54S112FM, 54LS112FM 


INPUT LOADING/FAN-OUT: See Section 3 for U.L. definitions 


54/74S (U.L.) 
DESCRIPTION H|IGH/LOW 


54/74LS (U.L.) 
HiIGH/LOW 


PIN NAMES 


Ji, J2, K1, Ke Data Inputs 1.25/1.0 0.5/0.25 
CP), CP2 Clock Pulse Inputs (Active Falling Edge) 2.5/2.5 2.0/0.5 
Co1, Co2 Direct Clear Inputs (Active LOW) 2.5/4.375 1.5/0.5 
So1, Sp2 Direct Set Inputs (Active LOW) 2.5/4.375 1.5/0.5 
Q1, Qe, Q:1, G2 ~‘| Outputs 25/12.5 10/5.0 


(2.5) 
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196 


112 


LOGIC DIAGRAM (one half shown) 


DC CHARACTERISTICS OVER OPERATING TEMPERATURE RANGE (unless otherwise specified) 


SYMBOL 


AC CHARACTERISTICS: Vcc = +5.0 V, Ta = +25°C (See Section 3 for waveforms and load configurations) 


SYMBOL 


fmax 


tPLH 
tPHL 


tPLH 
tPHL 


PARAMETER wail ded S4/74LS UNITS CONDITIONS 


54/74S 54/74LS 
PARAMETER C.=15 pF |CL=15 pF] UNITS CONDITIONS 
RL = 280 N 
Maximum Clock Frequency Eee ee 
Propagation Delay 7.0 , gas 
Propagation Delay _ 7.0 16 ; “a fac 
Con or Sdn to Qn or Qn 7.0 24 lee Steere 


AC OPERATING REQUIREMENTS: Vcc = +5.0 V, Ta =+25°C 


SYMBOL 


ts (H) 
ts (L) 


th (H) 
th (L) 


tw (H) 
tw (L) 


tw (LU 


PARAMETER stad bib call kts UNITS CONDITIONS 


ee, ie ie i = | 
Jn or Kn to CPn 7.0 15 Fig. 3-7 
Hold Time _ 

Jn or Kn to CPr 

= . 20 

CPn Pulse Width 15 Fig. 3-9 


Con or Son Pulse WidthLow | 80 | 15 | ns | Fig. 3-10 
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CONNECTION DIAGRAM 
PINOUT A 


94/74121 
MONOSTABLE MULTIVIBRATOR 


DESCRIPTION — The '121 features positive and negative dc level triggering 
inputs and complementary outputs. Input pin 5 directly activates a Schmitt 
circuit which provides temperature compensated level detection, increases 
immunity to positive-going noise and assures jitter-free response to slowly 
rising triggers. 


When triggering occurs, internal feedback latches the circuit, prevents re- 
triggering while the output pulse is in progress and increases immunity to 
negative-going noise. Noise immunity is typically 1.2 V at the inputs and 1.5 V 
on Vcc. 


LOGIC SYMBOL 


Output pulse width stability is primarily a function of the external Rx and Cx 
chosen for the application. A 2 kf internal resistor is provided for optional 
use where output pulse width stability requirements are less stringent. Maxi- 
mum duty cycle capability ranges from 67% with a 2 kf resistor to 90% with 
a 40 kf resistor. Duty cycles beyond this range tend to reduce the Output 
pulse width. Otherwise, output pulse width follows the relationship: 

tw = 0.69 Rx Cx 


ORDERING CODE: See Section 9 


PIN COMMERCIAL GRADE MILITARY GRADE PKG 
OUT 


U Voc = +5.0 V +5%, Vcc = +5.0 V +10%, 
A 


Ta = 0°C to +70°C Ta = -55°C to +125°C 


| a [rarer 54121DM 


INPUT LOADING/FAN-OUT: See Section 3 for U.L.definitions 


Plastic 


Vcc = Pin 14 
GND = Pin 7 
NC = Pins 2,8,12,13 


Ceramic 
DIP (D) 


Flatpak 
(F) 


54/74 (U.L.) 
HIGH/LOW 


PIN NAMES 


DESCRIPTION 


Trigger Inputs (Active Falling Edge) 
Schmitt Trigger Input (Active Rising Edge) 
Outputs 
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CONNECTION DIAGRAM 
PINOUT A 


54/74193 
54LS/74LS193 


UP/DOWN BINARY COUNTER 
(With Separate Up/down Clocks) 


DESCRIPTION — The '193 is an up/down modulo-16 binary counter. Sep- 
arate Count Up and Count Down Clocks are used and in either counting 
mode the circuits operate synchronously. The outputs change state syn- 
chronous with the LOW-to-HIGH transitions on the clock inputs. Separate 
Terminal Count Up and Terminal Count Down outputs are provided which 
are used as the clocks for subsequent stages without extra logic, thus simpli- 
fying multistage counter designs. Individual preset inputs allow the circuits 
to be used as programmable counters. Both the Parallel Load (PL) and the 
Master Reset (MR) inputs asynchronously override the clocks. For functional 
description and detail specifications please refer to the '192 data sheet. 


LOGIC SYMBOL 


1115 1 10 9 


ORDERING CODE: See Section 9 


COMMERCIAL GRADE | MILITARY GRADE 


Voc = +5.0 V +5%, Voc = +5.0 V +10%, 
Ta = 0°C to +70°C Ta = -55°C to +125°C 


7 74193DC, 74LS193DC |54193DM, 54LS193DM os 
re 74193FC, 74LS193FC 54193FM, 54LS193FM pa 


INPUT LOADING/FAN-OUT: See Section 3 for U.L. definitions 


54/74 (U.L.) 
DESCRIPTION eau 


Count Up Clock Input 

(Active Rising Edge) 

Count Down Clock Input 

(Active Rising Edge) 
Asynchronous Master Reset Input 
(Active HIGH) 

Asynchronous Parallel Load Input 
(Active LOW) 


PL Po P; 
CPu 


P2 P3 


CPo 


TYPE MR Qo Q: Q2 Q3 


Plastic 
DIP (P) 


Ceramic 
DIP (D) 


Flatpak 
(F) 


Vcc = Pin 16 
GND = Pin 8 


54/74LS (U.L.) 
HIGH/LOW 


0.5/0.25 


PIN NAMES 


0.5/0.25 


0.5/0.25 


0.5/0.25 


Parallel Data Inputs 0.5/0.25 
Flip-flop Outputs 10/5.0 

(2.5) 
Terminal Count Down (Borrow) Output 10/5.0 
(Active LOW) (2.5) 
Terminal Count Up (Carry) Output 10/5.0 


(Active LOW) (2.5) 
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STATE DIAGRAM 


Reset (Asyn.) 


Preset (Asyn.) 
No Change 
Count Up 
Count Down 
H = HIGH Voltage Level 
L = LOW Voltage Level 


xX = Immaterial 
Z = High Impedance 


——> COUNT UP 
----= COUNT DOWN 


LOGIC EQUATIONS 
FOR TERMINAL COUNT 


= Qo © Q; © Q2 © Q3 e CPy 
= Qo e Q; © Qo © Q3 e CPp 


LOGIC DIAGRAM 


(CLEAR) 
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SN54194, SN54LS194A, SN54S194, 
SN74194, SN74LS194A, SN74S194 


4-BIT BIDIRECTIONAL UNIVERSAL SHIFT REGISTERS 


e Parallel Inputs and Outputs 


e Four Operating Modes: 


Synchronous Parallel Load 
Right Shift 

Left Shift 

Do Nothing 


e Positive Edge-Triggered Clocking 


® Direct Overriding Clear 


TYPICAL 
TYPICAL 

MAXIMUM 
TYPE POWER 

CLOCK 
DISSIPATION 
FREQUENCY 
‘194 36 MHz 195 mW 
'LS194A 36 MHz 75 mW 
‘S194 105 MHz 425 mW 
description 


These bidirectional shift registers are designed 
to incorporate virtually all of the features a 
system designer may want ina shift register. The 
Circuit contains 46 equivalent gates and features 
parallel inputs, parallel outputs, right-shift and 
left-shift serial inputs, operating-mode-control 
inputs, and a direct overriding clear line. The 
register has four distinct modes of operation, 
namely: 


Inhibit clock (do nothing) 

Shift right (in the direction Qa toward Qp) 
Shift left (in the direction Qp toward Qa) 
Parallel (broadside) load 


Synchronous parallel loading is accomplished by 
applying the four bits of data and taking both 
mode control inputs, SO and S1, high. The data 
are loaded into the associated flip-flops and 
appear at the outputs after the positive transition 
of the clock input. During loading, serial data 
flow is inhibited. 


Shift right is accomplished synchronously with 
the rising edge of the clock pulse when SO is high 
and S11 is low. Serial data for this mode is entered 
at the shift-right data input. When SO is low and 
$1 is high, data shifts left synchronously and 
new data is entered at the shift-left serial input. 


Clocking of the shift register is inhibited when 
both mode control inputs are low. The mode 
controls of the SN54194/SN74194 should be 
changed only while the clock input is high. 


MARCH 1974—REVISED MARCH 1988 


SN54194, SN54LS194A, SN54S194... J OR W PACKAGE 
SN74194 ...N PACKAGE 
SN74LS194A, SN74S194 ...D OR N PACKAGE 


(TOP VIEW) 


SN54LS194A, SN54S194.. . FK PACKAGE 
(TOP VIEW) 


NC - No internal connection 


logic symbolt 


tTThis symbol is in accordance with ANSI/IEEE Std. 91-1984 and 
IEC Publication 617-12. 
Pin numbers shown are for D, J, N, and W packages. 


PRODUCTION DATA documents contain information 
current as of publication date. Products conform to 
specifications per the terms of Texes Instruments 
standard warranty. Production processing dees not 
necessarily include testing of all parameters. 
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SN54194, SN74194 


4-BIT BIDIRECTIONAL UNIVERSAL SHIFT REGISTERS 


logic diagrams (positive logic) 


‘saBeyoed AQ pue ‘N ‘Cf ‘Gg 40} due UMOYS SJBQqUINU Ulg 


SLiNdLNO 1311VEVd 


as ee eee ee ee 


on 
a Ee eee Gan n0uLNeD 
Ga 6 ee ee a“ 
Prai°s 


(2) | (9) (S) (v) (e) (2) 
indNi a s) g vs ANNI 
Twiuas vais 

1337 SINdNI 1371WuWd LHOIW 
13IHS isis 


v6L, 


TEXAS % 


ST 


RUMENTS 


IN 
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SN54194, SN54LS194A, SN54S194, 
SN74194, SN74LS194A, SN74S194 
4-BIT BIDIRECTIONAL UNIVERSAL SHIFT REGISTERS 


typical clear, load, right-shift, left-shift, inhibit, and clear sequences 


cook [LSLIJLSLILILILISU U LLU LLU LU OU ULI 
mee | 
move (SO J | | 


CONTROL J 
! 


' 
( 
I 
— = H 
INPUTS | S1 | | 
| 


SERIAL 
DATA 
INPUTS 


i] 
] 
f | 
l 
! | 
PARALLEL| 8B p ot 
DATA | 
INPUTS c JH! | a ee ee 
; ] 
| | 
D { L I 
() ‘ | 
' ' 

1 ' | 

t ' \ 
anos i} 
Og as \ 
OUTPUTS ro | 


’ ’ 
| | 
CLEAR LOAD CLEAR 


FUNCTION TABLE 


INPUTS OUTPUTS 
SERIAL PARALLEL 
OQ, a ry 
CLOCK Te RiGHTTA 8 Gc bd |/CA [8 Gc Dd 


X X X 


- rrrersrxtxNK x 
~-rererixriirt x x 


L 
H 
H 
H 
H 
H 
H 
H 


x KKK KT KK 
x KK KK aA KK 
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4001B 4002B 
QUAD 2-INPUT NOR GATE @ DUAL 4-INPUT NOR GATE 


DESCRIPTION — These CMOS logic elements provide the positive input NOR function. The outputs are fully buffered for highest noise 
immunity and pattern insensitivity of output impedance. 


4001B 


LOGIC AND CONNECTION DIAGRAM 
DIP (TOP VIEW) 


4002B 


LOGIC AND CONNECTION DIAGRAM 
DIP (TOP VIEW) 


NOTE: 
The Flatpak versions have the same pinouts 
(Connection Diagram) as the Dual In-line 
Package. 


DC CHARACTERISTICS: Vpop as shown, Vsg = 0 V 


LIMITS 
SYMBOL UNITS TEMP TEST CONDITIONS 
See Note 1 


Quiescent MIN, 25° Ta 


Power . | MAX | 


Supply . A a= 25°C 


All inputs at 
O0VorVop 


AC CHARACTERISTICS: Vppo as shown, Vss = 0 V, Ta = 25°C, 40018 only (See Note 2) 


TEST CONDITIONS 
See Note 2 


LIMITS 


Paes 5 V Vop=10V Vpp= ir UNITS 


25 20 C, = 50 pF, 

48 Ry = 200 k2Q 
2 135 30 70 20 {nput Transition 
Bose ae 


SYMBOL PARAMETER 


Propagation Delay 


Output Transition Time 


AC CHARACTERISTICS: Vppo as shown, Vss = 0 V, Ta = 25°C, 4002B only 


LIMITS 


TS sit SONNE 
Voo=5 V Vpp = 10 Vv cae ee UNITS Suahines 
ee Note 


65 110 30 C, = 50 pF, 
Hy 110 30 60 23 48 Ry = 200k 
oe 40 70 30 Input Transition 
Output Transition Time 
oe 23 70 15 Times < 20 ns 
NOTES: 


1. Additional OC Characteristics are listed in this section under 4000B Series CMOS Family Characteristics. 
2. Propagation Delays and Output Transition Times are graphically described in this section under 4000B Series CMOS Family Characteristics. 


SYMBOL PARAMETER 


Propagation Delay 
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304 


4001B FAIRCHILD 4000B SERIES CMOS FAMILY CHARACTERISTICS 


DC CHARACTERISTICS FOR THE 4000B SERIES CMOS FAMILY — Parametric Limits listed below are guaranteed for the entire Fairchild 


CMOS Family unless otherwise specified on the individual data sheets. 


DC CHARACTERISTICS: Vpp =5 V, Vsgs=OV 
SYMBOL PARAMETER 


Vi Input HIGH Voltage 
Vit Input LOW Voltage 


VOH 
VOL 
'OH 


'OL 


Quiescent 


Power Buffers and 
Supply Flip-Flops 
Current 
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TEST CONDITIONS 


Guaranteed Input HIGH Voltage 
Guaranteed Input Low Voltage 
1OH < 1HA, Inputs at O or 5 V per 
the Logic Function or Truth Table 
1OH <1HA, Inputs at 1.5 or 3.5 V 
lot < 1HA, Inputs at 0 or 5 V per 


the Logic Function or Truth Table 
loL < 1HA, Inputs at 1.5 or 3.5 V 


mate 258°C | Vout = 
46V Inputs at O or 5 V per 


the Logic Function or 
Truth Table 


a | MIN, 25°C | C 


MIN, 25°C 
| MAX | All Inputs at 0 V or Vp for 
MIN, 25°C all Valid Input Combinations 


4049B « 4050B 


4049B HEX INVERTING BUFFER « 4050B HEX 
NON-INVERTING BUFFER 


DESCRIPTION — These CMOS buffers provide high current output capability suitable for driving TTL or high capacitance loads. Since input 
voltages in excess of the buffers’ supply voltage are permitted, these buffers may also be used to convert logic levels of up to 15 V to standard 
TTL levels. The 4049B provides six inverting buffers, the 4050B six non-inverting buffers. Their guaranteed fan out into common bipolar logic 


elements is shown in Table 1. 


40498 
LOGIC ANDO CONNECTION DIAGRAM 
OIP (TOP VIEW) 
NC NC 


NOTE 


INPUT PROTECTION 


INPUT 200 °2 
NOMINAL 
TO LOGIC 
INPUT TRANSISTORS 
01 
TO Vss 


NOTE. Typical Breakdown Voltage 
ot O1rode O1 1s 20 V 


DC CHARACTERISTICS: Vpp as shown, Vsg = 0 V, 4049BXM and 4050BXM (See Note 1) 


Vop=15V |UNITS| TEMP 
AX 


LIMITS 


SYMBOL | PARAMETER Vop=5V 
Y 


Output 
HIGH 


Current 


Output 
LOW 


Current 


Quiescent 
Power 
Supply 

Current 


Notes on the following page. 


The Flatpak version nas the same 
pinouts (Connection Diagram) as the 
Dual In-line Package. 


Vop = 10 V 


Vv = 2.5 V for V =5V 
MIN, 25°C | OUT care 
mA KA Inputs at 0 or Vpp 
per Function 
Vout = 4.5 V for Vpp = 5 V 
‘ Vv = 9.5 V for V =10V 
MIN, 28°C | OUT pill oi 
; -7.5 mA ae VouT = 13.5 V for Vpp = 15 V 
: Inputs at 0 or Voo 
per Function 
VouT = 0.4 V for Vpp = 5 V 
Vv = 0.5 V for V =410V 
MIN, 25°C OUT .¥ OD 
mA re Vout = 1.5 V for Vpp = 15 Vv 
Inputs at 0 or VpopH 
per Function 


" MIN, 25°C 6 aed 
m n ts at or 
MAX pe ad 
per Function 


40508 
LOGIC ANO CONNECTION DIAGRAM 
DIP (TOP VIEW) 


TABLE 1 
Guaranteed fan out of 40498, 40508 into common logic families 


ORIVEN ELEMENT | GUARANTEED 


Standard TTL, OTL 


9LS,93L, 74LS 
74 


Conditions Vop = Voc = 50°'025 Vv 
Vor GO5V.TA = 01075 C 


TEST CONDITIONS 


YP IM 


E 


Vout = 0.4 V for Vop = 4.5 V 


4 MIN, 25°C 
120 MAX 


= 
> 


All Inputs at O V or Vop 
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805 


FAIRCHILD CMOS ¢ 4049B « 4050B 


DC CHARACTERISTICS: Vpp as shown, Vgs = 0 V, 4049BXC and 4050BXC (Cont'd) (See Note 1) 


LIMITS 
SYMBOL | PARAM- - - TEMP TEST CONDITIONS 
ETER 
. MIN Vout = 2.5 V for Vop =5V 
25°C Inputs at O or Vpoo 
Output MAX per Function 
HIGH 


Current Vout = 4.5 V for Von = SV 
Vout * 9.5 V for Vop = 10 V 
Vout = 13.5 V for Vop = 15 V 
Inputs at O of Vop 
per Function 


Vout = 0.4 V for Vpp = 5 V 
Vout = 9.5 V for Von = 10 V 
Vout = 1:5 V for Vpp = 15 V 
Output Inputs at O of Vop 
LOW per Function 


lnye 0d Viorgs 
25°C Inputs at O V or Vop 
. MAX per Function 
Quiescent 
MIN,25°C All inputs at 
Current 


Current 


AC CHARACTERISTICS AND SET-UP REQUIREMENTS: Vpp as shown, Vss = 0 V, Ta = 25°C, 4049B only (See Note 2) 


LIMITS 
SYMBOL PARAMETER Vop=5 
Typ [Max 


Propagation Delay 
ronwmionoury || S| Rx = 200 k2 
73 | tT iti 
Output Transition Time = nput Transition 
NOTES: 


33 Times < 20 ns 
1. Additional OC Characteristics are listed in this section under 400068 Series CMOS Family Characteristics. 
2. Propagation Delays and Output Transition Times are graphically described in this section under 4000B Series CMOS Family Characteristics. 
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Answers to Selected 
Problems 


CHAPTER ONE 


1-2. (a) 25. (b) 9.5625 (Cc) 1241.6875 

1-4. 1023 

1-5. nine bits 

1-6. (a) four circuits for parallel (b) one circuit for serial 


CHAPTER TWO 


2-1. (a) 22 (b) 141 (cc) 2313 (d) 983 (e) 191 

2-2. (a) 100101 (b) 1110 (ce) 10111101 (d) 11001101 

(e) 100100001001 (f) 111111111 

2-3;. 255; 05,535 

2-4. (a) 483 (b) 30 (c) 2047 (d) 175 (e) 644 

2-5. (a) 738 (b) 564g (c) 1627s (d) 200000g (e) 3773 
2-6. (a) 111100011 (b) 011110 (ce) 011111111111 

(d) 010101111 (e) 001010000100 

2-7. (a) 26, (b) 215g (c) 4411s (d) 1727s (e) 277s 

2-8. 165, 166, 167, 170, 171, 172, 173, 174, 175, 176, 177, 200 
2-9. 1001000010012 = 4411s 

2-10. (a) 146 (b) 422 (c) 14,333 (d) 704 (e) 2047 
2-11. (a) 4B (b) 123A (c) 800 (d) 6413 (e) FFF 

2-12. (a) 16 (b) 8D (c) 909 (d) 3D7 (e) BF 

2-13. (a) 10010010 (b) 000110100110 

(c) 0011011111111101 (d) 001011000000 Ce) 011111111111 
2-14. (a) 65,536 addresses (b) 000 to FFF (hex) 

2-15. 280, 281, 282, 283, 284, 285, 286, 287, 288, 289, 28A, 28B, 
28C, 28D, 28E, 28F, 290, 291, 292, 293, 294. 295, 296, 297, 298, 
299, 29A, 29B, 29C, 29D, 29K, 29F, 2A0 

2-16. (a) 01000111 (b) 100101100010 (c) 000110000111 
(d) 01000010011010001001011000100111 

2-17. 10 bits for binary, 12 bits for BCD 

2-18. (a) 9752. (b) 184 (c) 7775 (d) 492 

2-19. 11011000CX); 10111101 (=); 10110010 (2); 00110101 (5); 
10101111 (/); 01011001 CY) 

2-20. D8, BD, B2, 35, AF, 59 

2-21. (a) 110110110 (parity bit is leftmost bit) (b) 000101000 
(c) 111110111 

2-22. (a) 101110100 (parity bit on the left) (b) 000111000 
(c) 0000101100101 (d) 11001001000000001 

2-23. (a) no single-bit error (b) single-bit error (c) double 
error (d) no single-bit error 


2-25. (a) 10110001001 (b) 11111111 (©) 209 (d) 59,943 
(e) 4701 () 777 (g) 157 ¢h) 2254 G 1961 G) 15,900 
(k) 640 () 952B (m) 100001100101 (n) 947 (0) 13516 
(p) 5464, (gq) 1001010 (1) 01011000 (BCD) 

2-26. (a) 100101 (b) 00110111 (c) 25 

(d) 0110011 0110111 (e) 45 

2-27. (a) octal (b) 16 (c) digit (d) Gray (e) Parity; 
single-bit errors (f) ASCII (g) octal; hex 

2-28. (a) 1000 (b) 010001 (oc) 1111 

2-29. (a) 0110 (b) 001111 (©) 1101 

2-30. (a) 10000 (b) 7778 (c) 2001 (d) 2001 (e) AOD 
(f) 1001 

2-31. (a) 7776 (b) 7776 (c) 1777 (d) 1FFF (e) 9FE 
(f) OFFF 

2-32. (a) 486 (b) 10401 

2-33. 1032 


CHAPTER THREE 


3-1. 


Meet ee Le 


3-3. x will be a constant HIGH. 

3-5. 31 

3-6. (a) xis HIGH only when A, B, and Care all HIGH. 

(b) xis a constant LOW. 

(c) xis HIGH only when Band Care simultaneously HIGH. 
3-7. Change the OR gate to an AND gate. 


3-8. OUT is always LOW. 
3-10. (a) x=(A + B)BC_ 

(b) x= ABC+ ABC+ABD 
3-12. x= D:-(AB+ Q+E 


3-14. (a) 


A 
B Xx 


3-15.—3-18. 


3-19. x=(A + B)- (BC) 
x= 0 only when A= B=0, C= 1. 
3-21. (c) 


M 


N 
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3-22.(9 1 DAM) AMC OI OD @D 

(h)1 @GQ@y 

3-24. (a) MPN+ MPN (b) BC 

3-26. (a) At B+C (b) A‘(B+C) © A+Bt+CD 
(d) A+ B+C+D (e) MN+MN (f) (4+8B)C+ D 
3-27. A+ Bt+C 

3-34. (a) NOR (b) AND (c) NAND 


3-35. (a) 
A 


C 


3-36. (a) Zgoes HIGH only when 4A = B=0 and C= D= 1. 
(b) Z goes LOW when A or Bis HIGH or when Cor Dis LOW. 
3-38. X will go HIGH when E= 1, or D= 0, or B= C= 0, or 
when B= 1 and A= 0. 

3-39. Xis LOW for EDCBA = 01011, 01100, 01101, and 01111. 
3-40. (a) HIGH (b) LOW 

3-41. LIGHT = 0 when A= B=0o0r A= B= 1, 

3-42. (a) 


3-43. Z=(AB+ C)F+ C+ (D+ £) 
3-46. Put INVERTERs on the A-, As, A, A2 inputs to the 74C30. 


CHAPTER FOUR 


Sr meet: (emia 
AC 


4-1. (a) CA+CB (b) OR+ QR (c) C+A_ (d) 
(ec) BC+ BCC + A) (f) BC+ BCC + A) or BC+ B 
@ D+ ABC+ ABC 

. OM+N) 
re MN +O 
4-4, one solution: x = BC + ABC; another: x= AB + BC + BC: 
another: BC + BC+ A AC 


4-5. x=AB+ACH+BC 


RST 
Ct 


QOnP?>DO 


4-6. x= ABC + ABC 
4-7. x = A3(A2 + A Ao) 
4-8. alarm = ID + IL 
4-9, 


C 


4-11. 


4-12. x= BC+ BC + AC; or BC+ BC + AB 
4-13. y= D+ ABC+ ABC 


4-14. x= A3A2 = A3A1 Ao 


4-15. (a) x= AC+ BC+ ACD 
CD CD |CD cD 


(b) 


4-16. best solution: ion BC + AD _ a 
4-17. x= S182 + S183 + S384 + S283 + S284 
4-18. (a) 


(b) x= A () xX=A 
4-19. A=0,B=C=1 
4-20. one possibility: 
A 


B 
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4-22. four outputs where z3 is the MSB 5-2. same as 5-1 
23 = VW YoX1 Xo 5-3. 


22 = yixi(Vo + Xo) 

Z = Youn + Xo) + ¥1.X0 (Yo + XV) x | | | | 
ZO = YoXo 

4-23. x= A3 A2 + A3 A} 

4-24. x= ABC® D) 


| 
| 
4-25. (A+ BC+ D) | 
4-26. N-S = CD(A+ B) + AB(C + D); E-W = N-S Y | 
4-27. Change last EX-OR to EX-NOR. , 
4-29. x = ABC | | 


4-30. x= A+ BCD ; LT LI Lo 
4-31. x=A+(BOO 

4-32. z= AS + AS | 

4-33. 2= XM XoMVo + MXM Yo + X1XoVi yo + X1X0V1 Vo | 


No pairs, quads, or octets. 0 
4-35. (a) indeterminate (b) 14-—1.8V_ (c) 
CLOCK | | | | | | | | 
5-6. Z1-4 stuck HIGH 


5-7. 20 ns 


LOAD r | 5-8. 
1 

SHIFT SY Q | | | 
0 


CLK OUT | | | 
5-9. OQis a 500-Hz square wave. 


5-10. 


SHFT OUT | ~ |] f Lf 


4-38. possible faults: 


faulty Vcc or ground on Z2; b f h | 
Z2-1 or Z2-2 open internally or externally; 

Z2-3 internally open 5-11. (a) 5-kHz square wave (b) 2.5 kHz 
4-39. yes: (c), (e), (D; no: (a), (b), (d), (g) 5-13. 


4-41. Z2-6 and Z2-11 shorted together 


4-43. most likely faults: CLK _[] | | | | | | | | | | 7 


faulty ground or Vcc on Z1 | | | | | 
| 


Z1 plugged in backwards Input por er 
Z1 internally damaged data | 
4-44, possible faults: | | | 


Z2-13 shorted to Vcc @) | | 


Z2-8 shorted to Vcc 
broken connection to Z2-13 


Z2-3, Z2-6, Z2-9, or Z2-10 shorted to ground 5-14. 500-Hz square wave 

4-46. (a) 006 to EFig (b) FO (c) F8 to FF a Q stays LOW. 

CHAPTER FIVE FLAPLA LL a 
5-1 
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5-19. 


PRE 


ar as ae 
o =— 


5-21. (a) 200 ns_ (b) 7474 (c) 30 ns 

5-22. 48 ns 

5-23. Connect Ato /, Ato K. 

5-24. (a) A, B,C 

5-25. (a) Connect Xto J, X to K. 

(b) Use arrangement of Figure 5-43. 

5-26. 1011, 1101, 1110, 0111, 1011, 1101, 1110, 0111, 1011 
5-27. Connect Xo to Dinput of X3. 

5-31. (a) 10 (b) 1953 Hz (c) 1024 (d) 12 

5-32. (a) 128 (b) Oto 127 

5-35. Put INVERTERs on Ag Aj; and Aj4. 

5-38. (a) Owill stay LOW. (b) PGT at O will set X= 1. 
(c) Make ft) = 20 us. 

5-39. (a) A; or Az has to be LOW when a PGT occurs at B. 
(b) Band Az have to be HIGH when a NGT occurs at A. 
5-41. After 14 pulses, all circuit outputs stop changing with 
A= W= X= Y= Z=0and B= C= 1. 

5-42. One possibility is R= 1 kQ and C= 80 nF. 

5-43. One possibility is R4 = 1 kO, Rg = 10 kO, C = 1800 pF. 
5-45. 


ot LILI LI L___e- 
ep — = ----- 
peel bt eee 


5-46. (a) no (b) yes (c) no (d) no 

5-47. Flip-flop Xo has an open D input. 

5-48. (a) yes (b) no 

5-49. Two cascaded INVERTERs between Q; and Q2 add 
enough delay to increase the effective fpiy of Qi so that by the 
time Q2 gets clocked, the Q; signal hasn’t reached D>. 

5-51. (a) no (b) no (c) yes (d) no 

5-52. first combination: 101; second combination: 010 
5-53. (a) no (b) no (c) yes 

5-54. (a) S-C latch (b) JK (c) Diatch (d) D flip-flop 
(e) D flip-flop and latch (f) all FFs (g) clocked SC, JK, D 
(h) JK 


CHAPTER SIX 


6-1. (a) 10101 (b) 10010 (c) 1111.0101 (d) 1.1010 

Ce) 100111000 

6-2. (a) 00100000 Cincl. sign bit) (b) 11110010 (c) 00111111 
(d) 10011000 (e) 11111111 (f) 10000000 (g) can’t be 
done (h) 00000000 


6-3. (a) +13 () -3 @& +123 (Cd —-103 (e) +127 
tf) 32 (9) —1 ay 127 

6-4. (a) —2048 to +2047 (b) sixteen bits including sign bit 
6-5. — 1640 to +1510 

6-6. (a) 00111; 11001 (b) 10100; 01100 

6-7. 0 to 1023; -512 to +511 

6-9. (a) 00001111 (b) 11111101 (c) 11111011 

(d) 10000000 (e) 00000001 (fF) 11011110 (Cg) 00000000 
(h) 00010101 

6-11. (a) 100011 (b) 1111001 (c) 100011.00101 

(d) .10001111 

6-12. (a) 11. (b) 111 (©) 101.11 (d) 1111.0011 

6-13. (a) 10010111 (BCD) (b) 10010101 (BCD) 

6-14. (a) 6E24 (b) 100D 

6-15. (a) OEFE (b) 229 (c) 02A6 

6-16. 16,849 locations 

6-18. SUM = A@B CARRY = AB 

6-20. [A] = 0000 

6-21. 20 ns 

6-22. overflow = A3B353 + A3B3S3 

6-23. Gs _ A2 bBo i (A? + B>) {A,B + 

CA; + B,)[Ao Bo + AoCo + BoCo]} 

6-25. (a) SUM =0111 1 (b) SUM = 1010 

6-26. 


Bo 


= x 


Adder 


6-27. [S] = 01110; x = 1; [4] = 0100 

6-28. yes 

6-29. [2] = 100001000101 (BCD) 

6-30 after fourth clock pulse: [A] = 00111111, [B] = 01110000 
[x] = 0000; [S] = 10101111 

6-31. (a) no (b) yes (c) no 

6-34. (a) yes (b) no (c) yes (d) no 

6-36. Use D flip-flops. Connect 83 + S: + S; + So to the D input 
of the zero FF; Cy to the Dinput of the carry FF; and S to the 
D input of the sign FF. 

6-37. 0000000001001001; 1111111110101110 


CHAPTER SEVEN 
7-1. 250 kHz, 50 percent 


7-2. Same as 7-1 
7-3. 100002 
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7-4. Five FFs are required: Qo—Q; with Q; as the MSB. Con- 
nect QO; and Q; outputs to a NAND gate whose output is con- 
nected to all CLRs. 

73 


STULL Le 
je 


B 


C 


D 


7-7. 100, 011, 010, 001, 000, and repeats 
7-8. (b) 000, 001, 010, 100, 101, 110, and repeats 
7-9. 


742983 


7-10. a MOD-15 (from Problem 7-9) driving a MOD-4 

7-11. 60 Hz 

7-12. (c) 0001 

7-13. 1000 and 0000 states never occur. 

7-14. (a) 12.5 MHz (b) 8.33 MHz 

7-15. (a) Add two FFs (Zand F) to Figure 7-60. Connect AND 
gates below to appropriate FF inputs. (b) 33 MHz 


> 


tO Je, Ke tO dé, Ke 


UNWLY 


B 
C 
D 
E 


7-16. 0000, 0001, 0010, 0011, 0100, 0101, 0110, 0111, 1000, 
1001, and repeats 

7-18. (d) Zwill not be cleared and timer cannot be restarted. 
7-19. Change the parallel data input to 1010. 

7-20. nine 

7-22. (a) ten (b) clears counter to 0000 (c) sets counter to 
1001 (d) up (e) Connect Qo to CP; and clock signal to CP; 
ground MR), MR2, MS;, and MS». (f) Connect clock signal to 
CP;; connect Q3 to CP; ground all MRand MS inputs. 
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7-23. Changes are shown below. 


CTRDIV10 
1CT=9 


TCy 


Cr Tes 


0100 0111 0100 0111 


7-28. (a) when the counter goes from 0111 to 1000 

7-29. twelve FFs 

7-30. four; sixteen; thirteen 

7-31. (a) Ju= BC, Ka=1, Jp = CA+ CA, Kp=1, Jo= AB, 
Kc=B+A_ (b) Ju= BC, Ka=1, Jp = Kp=1,Jo= Ko=B 
9-32. Ji = 1, pe Kee A joe ke= AL, p= koe ALC 
7-34. 


5-bit ring counter 


Counting sequence 


A B CODE F 
i 0 0 0 0 4 
0 1 0 0 0 0 
0 0 1 0 0 0 
0 00 1 0 0 
0 0 0 0 1 O Repeats 
10 0 0 0 7 
0 10 0 0 =1 
0 0 1 0 0 = 1 
0 00 1 0 1 
0 00 0 1 +1 


7-35. Counting sequence is: OO000, 10000, 11000, 11100, 11110, 
11111, 01111, 00111, 00011, 00001, and repeat. 

7-36. Frequency at zis 5 Hz. 

7-38. (b) 257 (c) 323 

7-39. (a) 22 (b) 450 (c) Oorl 

7-40. Connect Q; of the 74290 to CP; of the 74293. 

7-42. Add a second J-K flip-flop. 

7-44. Connect QO; of one to Ds of the other. 

7-45 The 74178 is loaded with 1101 on the NGT of the sixth 
clock pulse. 

7-46. 04 us Z 

7-47. (b) Qo: Qi+ Qo: Q7 () Q3: Qo 

7-49. (a) asynchronous (b) true (c) left shift (d) right 
shift (e) parallel load (f) hold data (g) recirculating left 
7-50. MR, to Q; is open, or Q3 or MR2 is shorted to ground. 
7-51. DC CLR of flip-flop X is open or stuck HIGH or not re- 
sponding. 

7-52. MSB of MOD-6 is stuck LOW. 

7-53. (a) display = 001 (b) display = 000 

7-54. Counters are not being cleared before each SAMPLE in- 
terval. 

7-55. (a) Flip-flop C will toggle on every NGT of the input. 
(b) Will not count up properly. 

7-56. P; open or S3 faulty. 

7-58. (a) parallel (b) binary (c) down counter 

(d) MOD-10 (e) asynchronous (f) ring (g) Johnson 
(h) all G) presettable (G) up/down (k) asynchronous 
() BCD (m) synchronous 


CHAPTER EIGHT 


8-1. (a) A,B (b) A (A 

8-2. (a) 728.3 pJ (b) 459.3 pJ_ (c) 59.06 pJ  (d) 27.41 pj 
(e) 67.26 pJ 

8-3. (a) 0.9V_ (b) 1.4 V 

8-4. (a) fin (b) Lect (©) fou (dd) speed-power product 

(e) Van (f) surface-mount (g) current sinking (h) fan-out 
(i) totem-pole () sinking transistor (k) 4.75 to 5.25 V 

(1) 2.4 V; 2.0 V (m) 0.8 V; 0.4 V_ (n) sourcing 

8-5. (2) 0.7V:;03V (b 05V;04V () 05V;03V 

8-6. (a) 40 wA; 1.66mA (b) AND, NAND (c) unconnected 
inputs 

8-7. (c) five 

8-8. (a) 30/15 UL (b) 24 mA 

8-10. fan-out not exceeded in either case 

8-11. 10 ns 

8-12. 67 ns; 43 ns 

8-13. (a) 500 (b) 2kO 

8-14. (b) 4.7-kQ resistor is too large. 

8-15. (a) amplitude too low (b) tp too small (c) tw(L) too 
low 

8-18. six AND gates 

8-19. AB + CD + FG 

8-20. choice (a) 

8-21. (a) 5 V(b) Rs = 110 2) for LED current of 20 mA 
8-22. (a) 12 V(b) 40 mA 

8-24. (a) x  y Data on Bus 


FROO 
KH OrO 
adowa 


8-25. AND 
8-29. Vpp = 5 V, Texas = 10 kHz. 
8-30. 12.6 mW 


8-31. 2.9 V 

8-33. Using values at Vcc = 6 V, the speed-power product is 
1.44 pJ per gate. 

8-34. 0 V, 1.22 V 

8-35. 


Cin , , 


8-36 —1l and —2 

8-37. (a) 74HCT (b) converts logic voltages (c) CMOS can- 
not sink TTL current (d) false 

8-38. The choice in (c) is a possible reason. 

8-39. (a) none (b) two 

8-45. The choice in (b) is a possible fault. 

8-46. NAND CMOS gate is shorted to +5 V. 

8-47. 0 V to —11.25 V and back to —6 V. 


CHAPTER NINE 


9-1. (a) all HIGH (b) O)=LOW (c) O7=LOW (d) all 
HIGH 

9-2. six inputs, 64 outputs 

9-3. [A] = 110, B = 1, A, = Fo = 0 

9-4. 


ES E22 E1 


FE3 E2 £1 A.A, Ag Ay A, Ag 


74L8138 74L8138 
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9-6. Connect £2 to ground and take output from Op. 9-30. (b) The total number of connections in the circuit using 

9-7. enabled when D = 0. MUxXes is 63, not including Vec and GND, and not including 

9-8. the connections to counter clock inputs. The total number for 
the circuit using separate decoder/drivers is 66. 


Oo ee 7 ne 9-31. 
03 — a7 tf | 
| a cycle er 


: _ | | 9-32. 
sp Ln__ 


| | 
7 | er eC 


to Tt a4 % ta, tig Tt 
8 ly 1 42 14 45 “ie 9.33 y B C 
9-10. Resistors are 250 Q. 0) 0) 0) 
9-12. @ 0 1 
O | 0 
O 1 1 
g 1 0 0 
D 1 0) 1 
1 1 0 
C 1 1 1 1 
B decoder 9-34. Connect h, 4s, ls, Ji, ha, is to Vec All other inputs con- 
A nect to ground. 
9-35. Z = HIGH for DCBA = 0010, 0100, 1001, 1010. 
9-36. (b) Z= ABC + ABC + ABC + ABC + ABCD + ABCD 
9-37. (a) encoder, MUX (b) MUX, DEMUX (c) MUX 
(d) encoder (e) decoder, DEMUX (f) DEMUX (g) MUX 
9-13. (a), (b) encoder (c), (d), (e) decoder 9-38. 
9-14. 0111 Select 
9-17. The fourth key actuation would be entered into the MSD inputs 


register. 

9-18. choice (b) 

9-19. choice (a) or (d) 

9-20. (a) yes (b) no (c) no 

9-21. A bus line is open between Z2 and Z3. 

9-22. Fy of Z4 is stuck LOW. 

9-23. gsegment or decoder output transistor would burn out. 
9-24. Decoder D and C inputs are reversed. 

9-25. Decoder outputs: a and bare shorted together. 
9-27. A 4-to-1 MUX 

9-28. Use nine 74151s. 

9-29. 


9-39. Each DEMUX output goes LOW, one at a time in se- 
quence. 

9-40. (a) All LEDs are off. (b) Each LED will flash. 

(c) LEDs 2 and 6 will flash. 

9-41. five lines 

9-43. (a) Sequencing stops after actuator 3 is activated. 

(b) Same as (a). 

9-44. Probable fault is short to ground at MSB of tens MUX. 
9-45. Q) and Q; are probably reversed. 

9-46. Inputs 6 and 7 of MUX are probably shorted together. 
9-48. (a) no (b) yes 

9-51. Final binary output is 1000101. 

9-52. Ao and Bo probably reversed. 

9-54. Of e= 0, iEa= Is OE; = OE 4 = i TEx = TEs = 0: 
apply a clock pulse 

9-55. (a) At &, each register will have contents of 1011. 
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9-56. | | | 


Hi-Z | | | 
tj tb iy 


9-57. (b) ON, ON, ON, OFF (eft to right). 
9-58. (a) At &, each register holds 1001. 
9-60. (a) S7FA (b) 5000 to S7FF (c) 9000 to 97FF (d) no 


CHAPTER TEN 


10-1. (f), Cg) false 

10-2. 3.58 V 

10-3. LSB = 20 mV 

10-4. 20 mV; approx. 0.4% 
10-5. approx. 5 mV 

10-6. eight 

10-7. 14.3%, 0.286 V 

10-9. 250.06 RPM 

10-10. 10 mV, 0.1%, 6.95 V 
10-11. Binary BCD 


3.88 mV 10 mV 
0.392% 1.01% 
10-13. 800 ohms; no 
10-14. (a) —0.3125 V, —4.6875 V_ (b) 4.27 kilohms 
Cc} 00207 
10-15. uses fewer different R values 
10-16. 20 pA; yes 
10-17. (a) seven 
10-19. 242.5 mV is not within specifications. 
10-20. offset out of spec 
10-21. Bit 1 of DAC is open or stuck HIGH. 
10-22. bits 0 and 1 reversed 
10-24. (a) 10010111 (b) 10010111 (c) 102 ps, 51 ps 
10-27. (a) 1.22mV_ (b) 2.7 mV 
10-28. (a) 0111110110 (b) 0111110111 
10-29. 2.834 to 2.844 V 
10-31. digital ramp: (a), (d), (e), (fF), Ch); SAC: (b), (©), (A), 
(e), Cg), Ch) 
10-34. 80 ps 
10-35. 100101 
10-36. 2.96 V 
10-37. 2.37 V 
10-39. nine comparators, ten resistors 
10-40. flash: (a), (c), (d), (fF), (g); SAC: (b), (fF), (g); — digital- 
ramp: (b), Ce), (A) 
10-41. (a) up/down (b) flash (c) voltage-frequency 
(d) voltage-frequency (e) dual-slope (f) dual-slope 
10-42. 386 steps 
10-43. The MSB of the MSD is not affecting Vay 
10-45. Switch is stuck closed; switch is stuck open, or capaci- 
tor is shorted. 
10-47. (a) Address is EAxx. 


CHAPTER ELEVEN 


11-1. 16,384; 32; 524,288 
11-2. 16,384 


11-3. 64K Xx 4 

11-4. 16; 16; 13; 16,384 

11-6. (a) data, address, control (b) address (c) data 
(d) CPU 

11-7. (a) Hi-Z (b) 11101101 

11-8. (a) register 11 (b) 0100 

11-9. (a) 16,384 (b) four (c) two 1-of-128 decoders 
11-11. 120 ns 

11-12. 180 ns 

11-14. O13, O14, O's 

11-15. The following transistors will have open base connec- 
tions: Qo, Q2, Qs, Q6, Q7, Qo, Q's. 

11-18. The waveform at Dp is: 


11 71~=7 ] 1 1 4 1 


| | | | | | | | | * ++ repeats 


0 0 @) 0 0 0 0 

11-19. hex data: 5E, BA, 05, 2F, 99, FB, 00, ED, 3C, FF, B8, C7, 

27, EA, 52, 5B 

11-20. A; As Ax Ar Ar AO| D2 Ti D G GA QA GQ 
ro 0 £ BD ti® + £ O F GT 1 
0 0 1 1 1 O0}0 0 1 0 1 0 0 
1 11 21 +21 O}1 1 0 0 0 1 =0 
0 1 1 1 0 0/0 1:0 1 0 0 0 
1 1 0 1 0 14/1 0 1 0 01 1 
oOo 0 1 ft O10 6 0 OO 1 ft 8 
0 1 0 0 1 14/0 0 1 21 0 0 1 
1 1 0 0 0 0/41 0 0 1 0 0 0 

11-21. O; = D; O. = CD + CD: O, = BC + BC; O) = AB + AB 


11-22. O, = D+0+0+0 
O. = CD+ CD+0+0 
O, = BC+ BC+0+0 
Op = AB + AB+0+0 
11-24. (a) 100 ns_ (b) 30 ns (c) ten million (d) 20 ns 
(e) 30 ns (f) 40 ns (g) ten million 
11-25. eight 
11-26. 


clock T LT LI LY] LJ LJ | 


ANSWERS TO SELECTED PROBLEMS 815 


Az 
not used 


Ag 
not used 


74157 7 


11-30. every 7.8 microseconds 
11-33. Add four more PROMs (PROM-4 through PROM-7) to 
the circuit. Connect their data outputs and address inputs to 
data and address bus respectively. Connect AB)3 to C input of 
decoder, and connect decoder outputs 4 through 7 to CS inputs 


of PROMs 
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4 through 7 respectively. 


ANSWERS TO SELECTED PROBLEMS 


Aj3/Ag6 
Ay9/As 
Ay1/Aq 
Ai0/A3 


Ag/Ay 
Agl/Ay 
Ay/Ag 


not used 


11-34. Connect AB)3, ABiy, and AB\s to a 3-input OR gate, and 
connect the OR gate output to C input of the decoder. 

11-35. (a) 32 * 8 (b) RAMs 2 and 3. (c) 00-OF; 10-1F 
11-37. FOOO-F3FF; F400-F7FF,; F800-FBFF; FCOO-FFFF 

11-39. Binput of decoder is open or stuck HIGH. 

11-40. The OR gate output/C input node is stuck LOW. 

11-41. Only RAM modules 1 and 3 are getting tested. 

11-42. The RAM chip with data outputs 4 through 7 in module 
2 is not functioning properly. 

11-43. RAM module 3 output 7 is open or stuck HIGH. 

11-45. checksum = 11101010. 


CHAPTER TWELVE 


12-2. (a) simple, complex, registered 

(b) registered (c) registered 

(d) simple, complex, registered 

12-3. In registered mode there are 8 product terms in regis- 
tered configuration, and 7 product terms in combinational con- 
figuration. 


12-5. Mode Source of Enable 


Configuration 


Ground 
Voc 


Simple 


8th product term from 
input matrix 


Complex 


Pin 11 (OE) 
8th product term 


Registered Registered 


Combinational 


12-8. 'YO= G1 &!G2A &'!G2B&!C&!B&!A 

12-10. Ds = OA 

Dp = QB: QA+ QB: QA 

Dc = OC: OB: OA+ OC: OB+ OC: OA 

12-11. Dg = OA; Ds = OB 

12-12. Add an input variable (DIR) to control the direction 
(DIR = 0 = ccew, DIR = 1 = cw). 


Index of ICs 


Bold-face type indicates a data sheet. 


7400 SERIES ICs 

7400 Quad 2-input NAND gates, 76, 
778 

74HOO Quad 2-input NAND gates, 778 

74S00 Quad 2-input NAND gates, 778 

74LS00 Quad 2-input NAND gates, 778 

7404 Hex inverters, 89, 779 

74H04 Hex inverters, 779 

74HC04 Hex inverters, 448 

74LS04 Hex inverters, 779 

74804 Hex inverters, 779 

74S04A Hex inverters, 779 

7405 Hex inverters (with open-collector 
output), 780 

74HO5 Hex inverters (with open- 
collector output), 780 

74HCO5 Hex inverters with open-drain, 
445 

74LS05 Hex inverters (with open- 
collector output), 780 

748505 Hex inverters (with open- 
collector output), 780 

74S05A Hex inverters (with open- 
collector output), 780 

7406 Hex inverters buffer/driver (with 
open-collector high-voltage output), 
419, 781 

7408 Quad 2-input AND gate, 76 

7413 Schmitt-trigger NAND, 221 

7414 Hex Schmitt-trigger inverters, 221, 
782 

74LS14 Hex Schmitt-trigger inverters, 
782 

7420 Dual 4-input NAND gates, 89, 783 

74ALS20A Dual 4-input positive-NAND 
gates, 784-785 

74AS20 Dual 4-input positive-NAND 
gates, 784, 786 

74H20 Dual 4-input NAND gates, 783 


74HC20 Dual 4-input positive- NAND 
gates, 788—789 

74LS20 Dual 4-input NAND gates, 783, 
787 

74520 Dual 4-input NAND gates, 783 

7432 Quad 2-input OR gate, 76, 790 

74LS32 Quad 2-input OR gate, 790 

74832 Quad 2-input OR gate, 790 

7437 Quad 2-input NAND buffer, 791 

74LS37 Quad 2-input NAND buffer, 791 

7442 BCD-to-decimal decoder, 
482-483, 496 

74HC42 BCD-to-decimal decoder, 
482-483 

74LS42 BCD-to-decimal decoder, 
482-483 

7445 BCD-to-decimal decoder/driver, 
483, 496 

7446 BCD-to-seven-segment 
decoder/driver, 485—486 

7447 BCD-to-seven-segment 
decoder/driver, 485—486 

7448 BCD-to-seven-segment 
decoder/driver w/active HIGH 
outputs, 485-486 

7474 Dual edge-triggered D flip-flop, 
197 

7483A 4-bit full adder, 269, 283 

74LS83A  4-bit full adder, 269-270, 531 

7485 4-bit magnitude comparator, 
524-527 

74HC85_ 4-bit magnitude comparator, 
524-527 

74LS85  4-bit magnitude comparator, 
524-527 

7486 Quad 2-input EX-OR gates, 126, 
792 

74C86 Quad 2-input EX-OR gates, 126 

74HC86 Quad 2-input EX-OR gates, 
126, 488-489 

74LS86 Quad 2-input EX-OR gates, 792 


74886 Quad 2-input EX-OR gates, 792 

7493 4-bit binary counter, 303—304 

74HC112 Dual edge-triggered J-K flip- 
flop, 197 

74LS112 Dual edge-triggered J-K flip- 
flop, 197, 795-796 

748112 Dual edge-triggered J-K flip- 
flop, 795-796 

74121 Single nonretriggerable one-shot, 
218, 797 

74L121 Single nonretriggerable one- 
shot, 218 

74122 Single retriggerable one-shot, 218 

74LS122 Single retriggerable one-shot, 
218 

74123 Dual retriggerable one-shot, 218 

74HC123 Dual retriggerable one-shot, 
215 

74LS123 Dual retriggerable one-shot, 
218 

74HC125 Quadruple bus buffers with 3- 
state outputs, 445 

74HC138 — 1-of-8 decoder/demultiplexer, 
alt 

74LS138  1-of-8 decoder/demultiplexer, 
478-479, 496, 513-514, 521, 694 

74147 Decimal-to-BCD priority encoder, 
491-496, 497 

74HC147 Decimal-to-BCD priority 
encoder, 491—496 

74LS147 Decimal-to-BCD priority 
encoder, 491—496 

74150 16-input multiplexer, 520 

75151 8-input multiplexer, 502—503, 
507-508, 510, 515, 520 

75HC151_ 8-input multiplexer, 502-503 

75LS151  8-input multiplexer, 502—503 

74157 Quadruple 2-line to 1-line data 
selectors/multiplexers, 504-505, 520 

74HC157 Quadruple 2-line to 1-line 
data selectors/multiplexers, 504-505 
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74LS157 Quadruple 2-line to 1-line data 
selectors/multiplexers, 504-505 

74HC160 Synchronous decade counter, 
315 

74LS160 Synchronous decade counter, 
315 

74HC161 Synchronous MOD-16 
counter, 315 

74LS161 Synchronous MOD-16 counter, 


315 

74HC162 Synchronous decade counter, 
315 

74LS162 Synchronous decade counter, 
315 


74HC163 Synchronous MOD-16 
counter, 315 

74LS163 Synchronous MOD-16 counter, 
315 

74104 8-bit serial-in/parallel-out shift 
register, 360-362 

74HC164_ 8-bit serial-in/parallel-out shift 
register, 360-362 

74LS164  8-bit serial-in/parallel-out shift 
register, 300-362 

74105  8-bit parallel-in/serial out shift 
register, 358-3060 

74HC165_— 8-bit parallel-in/serial out shift 
register, 358-360 

74LS165  8-bit parallel-in/serial out shift 
register, 358-360 

74173 4-bit D-type registers with 3-state 
outputs, 534—537 

74HC173 4-bit D-type registers with 3- 
state Outputs, 534-536 

74LS173  4-bit D-type registers with 3- 
state Outputs, 534-536 

74174 06-bit parallel in/parallel out 
register, 353-354 

74HC174 06-bit parallel in/parallel out 
register, 353-354 

74LS174  6-bit parallel in/parallel out 
register, 353-354 

74178 4-bit parallel in/parallel out 
register, 350-357 

74HC178  4-bit parallel in/parallel out 
register, 3560-357 

741860 64x 8 bipolar PROM, 642 

74187 256 x 4 bipolar MROM, 640 

74HC190 Synchronous up/down 
counter, 316 

74LS190 Synchronous up/down 
counter, 316 

74193 Presettable up/down binary 


counter, 319, 323-324, 798-799. 


74HC193_ Presettable up/down binary 
counter, 319 

74LS193 Presettable up/down binary 
counter, 319, 798-799 
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74194 4-bit bidirectional universal shift 
register, 362, 800—802 

74HC194_  4-bit bidirectional universal 
shift register, 362 

7418194  4-bit bidirectional universal 
shift register, 362 

74LS194A  4-bit bidirectional universal 
shift register, 8300—802 

748194  4-bit bidirectional universal shift 
register, 800—802 

74221 Dual nonretriggerable one-shot, 
218 

74HC221 Dual nonretriggerable one- 
shot, 218 

74LS221 Dual nonretriggerable one- 
shot, 218 

74LS266 Quad EX-NOR, 127 

74C266 Quad EX-NOR, 127 

74HC266 Quad EX-NOR, 127 

74283 4-bit full adder, 269, 283 

74HC283 4-bit full adder, 269 

74LS283 4-bit full adder, 269 

74284 Parallel binary multipliers, 282 

74285 Parallel binary multipliers, 282 

74290 Decade and 4-bit binary 
counters, 793-794 

74LS290 Decade and 4-bit binary 
counters, 793-794 

74293, Decade and 4-bit binary counter, 
303-304, 483-484, 793-794 

74LS293 = 4-bit binary counter, 303-304, 
483-484, 793-794 

7418299  8-bit register w/common I/O 
lines, 543 

74373 Octal latch with 3-state outputs, 
362 

74HC373 Octal latch with 3-state 
outputs, 362 

74HCT373 =Octal latch with 3-state 
outputs, 362 

74LS373 Octal latch with 3-state 
outputs, 362 

74374 Octal D flip-flop with 3-state 
outputs, 362 

74HC374 Octal D flip-flop with 3-state 
outputs, 362 

74HCT374 Octal D flip-flop with 3-state 
outputs, 362 

74LS374 Octal D flip-flop with 3-state 
outputs, 362, 423 

74HC381 Arithmetic-logic/function 
generator, 282 

74LS381  Arithmetic-logic/function 

generator, 282 

74HC541. Octal bus driver, 540-541 

74HC4016 Quad bilateral switch, 
440-447 

74HC4017 Johnson-counter, 344 


74HC4022 Johnson-counter, 344 
74HC4024 Ripple counter, 308 
74HC4040 = 12-bit counter, 308 
74HC4543 =BCD-to-7-segment LCD 
decoder/driver, 489 


OTHER ICs 

555 “Timer, 221 

2125A 1K X 1 SRAM, 684 

2147H 4K X 1 NMOS RAM, 666, 670 

2732 4K X 8 NMOS EPROM, 643-644 

27C512 64K X 8 EPROM, 644 

2864 8K X 8 EEPROM, 645-646 

28F256A 32K X 8 CMOS flash memory, 
648-649 

3242 DRAM controller, 681 

4001B Quad 2-input NOR gates, 
803-804 

4002B Dual 4-input NOR gates, 
803-804 

4013B Dual edge-triggered D flip-flop, 
17 

4016 Quad bilateral switch, 446-447 

4049B Hex inverting buffers, 805—806 

4050B Hex non-inverting buffers, 
805-806 

4511 BCD-to-7-segment decoder/driver, 
489 

4731B Quad 64-bit serial in/serial out 
shift register, 357 

8085 8-bit microprocessor, 745 

21256 256K X 1 DRAM, 681, 689 

74186 64 X 8 bipolar PROM, 642 

74187 256 X 4 bipolar MROM, 640 

AD7524 8-bit DAC, 579-580 

ADC0804  Successive-approximation 
ADC, 594-598 

AM27S13 512 X 4 PLD PROM, 657 

GAL16V8A_ Programming PLD, 661, 
716-727 

MCM6206C 32K X 8 CMOS RAM, 666, 
670 

MCM6209C_ 64K X 4 SRAM, 689 

MCM6264C_ 8K X 8 CMOS SRAM, 670 

MCM6708A_ 64K X 4 BiCMOS SRAM, 
670 

PALI8L8A Low-power Schottky PAL, 
660 

TBP28S166 2K X 8 bipolar PROM, 642 

TIFPLA840 14 X 32 X 6 FPLA, 661 

TMS27PC256 32K X 8 CMOS PROM, 
642 

TMS47256 32k X 8 NMOS MROM, 
640-641 

TMS47C256 32K X 8 CMOS MROM, 
640-641 


Index 


A 


A register, 262 
ACO bit (GAL 16V8A), 720 
Access time, 626 
defined, 626 
ROM, 637 
Accumulator register, 261 
Acquisition time, sample-and-hold 
circuits, 605 
Active-HIGH decoding, 327—329 
Active-LOW decoding, 329 
Active. See Asserted levels 
Active logic levels, 79-80 
Actuator, 563 
ADC. See Analog-to-digital converter 
Addend, 252, 262 
Adders 
BCD, 275-278 
full, 262 
parallel, 263 
parallel binary (see Parallel binary 
adder) 
Addition in 
BCD, 256-258 
binary, 245 
hexadecimal, 258—259 
OR, 49-56 
2’s-complement system, 252-253, 
271-274 
Address, 625, 747, 755 


Address bus, 632, 675-676, 637, 682, 763 


Address code, 213 

Address decoders, ROM, 634—635 

Address inputs, 500, 628 

Address multiplexing Gn DRAM), 
673-0677 

Address pointer registers, 691 

Advanced CMOS, 74AC/CT, 438 

Advanced low-power Schottky TTL, 
74ALS Series (ALS-TTL), 404—405 


Advanced Schottky TTL, 74AS Series 
(AS-TTL), 404 
Advantages of digital techniques, 5 
Alphanumeric codes, 34-35 
Alternate logic-gate representation, 
78-81 
American Standard Code for Information 
Interchange (ASCII), 34-35 
Analog representation, 3 
Analog systems, 4, 11 
Analog-to-digital converter (ADC), 6, 563, 
582-598. See also Digital-to-analog 
converter 
accuracy, 586 
conversion time, 587, 594 
data acquisition, 588-591 
digital-ramp, 583-588 
digital voltmeter, 602-604 
dual-slope, 601 
flash, 598—600 
IC, 8-bit successive-approximation 
(ADC0804), 594-598 
multiplexing, 606-607 
other conversion methods, 600—601 
quantization error, 586 
resolution, 586 
sample-and-hold circuit, 604—605 
successive-approximation, 591-598 
tracking, 600-601 
up/down digital-ramp, 600-601 
voltage-to-frequency, 601 
&, 88, 307, 5306 
AND dependency, 326 
AND gate, 53 
alternate logic-gate representation, 
78-81 
Boolean description, 57 
Boolean theorems, 67-71 
circuits containing, 58—59 
counter decoding, 327—330 
defined, 53 


frequency counter, 345-350 
implementing from Boolean 
expressions, 61—63 
representation choice, 81—87 
summary of operation, 54 
AND operation, 47, 53-56 
Applications of a programmable logic 
device, 714-741 
Application-specific integrated circuits 
(ASICS), 741 
Architecture control word, 719 
Arithmetic circuits, 260-261 
complex, 282-283 
Arithmetic/logic unit (ALU), 17, 261, 282, 
748, 753 
functional parts of, 261 
Arithmetic operations, 747-748 
Arithmetic overflow, 254 
Arithmetic processing unit (APU), 
282 
Array, register, 634 
ASCII code, 34—35 
Asserted levels, 86 
Associative laws, 69 
Astable multivibrators, 220-222 
555 timer used as, 221-222 
Asynchronous active pulse width, 196 
Asynchronous (ripple) counters, 
299-298 
down, 309-310 
integrated circuit, 303-308 
MOD number, 296—297 
propagation delay, 310-312 
Asynchronous inputs, 189-192 
Asynchronous systems, 176 
Asynchronous transfer, 204 
Augend, 252, 262 
Automatic circuit testing (using DACs), 
580 
Auxiliary memory, 627 
Auxiliary storage, 653 
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B 


Back-lit LCDs, 487 
Backplane, LCD, 488 
Base-10 system, 7 
BASIC, language, 758 
BCD adders, 275-278 
cascading, 277 
correction-detector circuit, 276 
BCD addition, 256-258 
BCD (binary-coded-decimal) code, 
30-32 
advantage, 31 
comparison with binary, 31-32 
forbidden codes, 31 
BCD counters, 302—303 
cascading, 333-334 
decoding, 330 
BCD/DEC, 496-497 
BCD input code, of a DAC, 570-571 
BCD-to-decimal decoder, 483 
BCD-to-decimal decoder/driver, 483 
BCD-to-7-segment decoder/driver, 
485-487 
BiCMOS logic, 438 
Bidirectional busing, 542-543 
Bidirectional data lines, 543, 763 
Bilateral switch, 445-448 
BIN/OCT, 496—497 
Binary addition, 245 
Binary-coded-decimal. See BCD code 
Binary codes, 30-32 
alphanumeric, 34-35 
BCD, 30-32 
Gray, 33 
parity method for error detection, 
36-38 
Binary counter, 210 
Binary counting, 9-10 
Binary digit, 9 
Binary division, 256 
Binary multiplication, 254-255 
Binary multipliers, 278-282 
Binary point, 8 
Binary quantities, representation of, 
10-12 
Binary system, 8-9 
binary-to-decimal conversion, 21 
binary-to-hex conversion, 28 
binary-to-octal conversion, 24-25, 
477 
comparison with BCD, 31-32 
conversions, 29—30 
decimal-to-binary conversion, 21 
hex-to-binary conversion, 27 
negation, 249 
octal-to-binary conversion, 24 


parallel and serial transmission, 13-15 


representing quantities, 10-12 


signed numbers, representing, 246-251 


Binary weighted, 573 
Bipolar DACs, 571 
Bipolar digital ICs, 136-138 
ECL, 424-427 (see also TTL logic 
family) 


Bistable multivibrators, 165, 220. See also 


Flip-Flops 
Bit, 9 


820 — INDEX 


Bit counter, 516 
Boolean algebra, 46 
alternate logic-gate representation, 
78-81 
AND operation, 53-56 
constants and variables, 47—48 
DeMorgan’s theorems, 71-74 
description of logic circuits, 57-59 
evaluation of logic-circuit outputs, 
59-61 
implementing circuits from 
expressions, 61-63 
NAND gate, 65-67 
NOR gate, 63-65 
NOT operation, 47, 56-57 
operations, 57 
OR operation, 47, 49-56 
representation choice, 81-87 
simplifying logic circuits, 102 
summary, 50 
theorems, 67—71 
truth tables, 48 
Bootstrap program, 652 
Borrow output, 321 
Branch, 748. See also Conditional jump 
B register, 261 
Bubbles, 78-81 
placement of, 83 
Buffers, 357 
driver, 418-419 
noninverting, 422 
open collector, 418-419 
output, ROM, 634 
tristate, 422-423 
Buffer register, 350 
Bulk erase, 647 
Bus 
address, 632 
contention, 423 
control, 632 
data, 632 
drivers, 540 
expanding, 540-541 
floating, 538 
Hi-Z, 590 
representation, 541-542 
signals, 538-539 
system, 761-763 
Busing, bidirectional, 542-543, 632 
Byte, 624 


C 


C, 193, 326 
Cache memory, 690 
CAD (computer aided design), 730 
Capacity, memory, 624 
expansion, 684-0689 
Carry output, 320 
Carry 
look-ahead, 269 
propagation, 268-269 
ripple, 269 
Carry bit, 245, 262 
Cascading BCD adders, 277 
Cascading BCD counters, 333-334 
Cascading parallel adders, 270-271 


Central processing unit (CPU), 750. See 
also Microprocessors 
Checker, parity, 130-132 
Checksum, 700 
Chip select, 633, 665 
Circuit excitation table, 337 
Circuits, digital, 12-13. See also Logic 
circuits 
Circulating shift register, 340-342 
CLEAR, 190 
Cleared state, 167 
Clearing a flip-flop, 169 
Clearing the latch, 167 
Clock, 176 
demultiplexer, 513-514 
inputs CPy and CPp, 320 
pulse HIGH t,(H), 196 
pulse LOW ty(L), 196 
signals, 176-178 
skew, 225-227 
transition times, 196 
Clocked flip-flops, 176-187 
asynchronous inputs, 189-192 
clocked D, 184-187 
clocked J-K, 182-184 
clocked S-C, 178-182 
D latch (transparent latch), 187-189 
principles, 176-178 
CML, 424 
CMOS asynchronous counters, 308 


CMOS logic family, 13, 137-140, 434-437 


BiCMOS, 438 
comparison with TTL series, 442 
driving TTL, 451-454 
electrically compatible, 437 
fan-out, 440 
flash memory (28F256A), 648-651 
4000/14000 series, 137-140, 437-438 
functionally equivalent, 437 
ground, 138 
INVERTER, 136, 435 
latch-up, 442 
logic-level voltage ranges, 138 
NAND gate, 436 
noise margins, 439 
NOR gate, 436-437 
open-drain outputs, 443-445 
outputs shorted together, 444 
Pp increases with frequency, 440 
pin compatible, 437 
power dissipation, 439-440 
power supply voltage, 138, 438-439 
series characteristics, 437—443 
SET-CLEAR FF, 437 
74AC series, 137-138, 438 
74ACT series, 137-138, 438 
74C series, 137-138, 438 
74HC series, 137-138, 438 
74HCT series, 137-138, 438 
static-charge susceptibility, 442 
switching speed, 441 
transmission gate, 445-448 
tristate outputs, 443-445 
TTL driving, 449-451 
unconnected inputs, 139 
unused inputs, 441 
voltage levels, 439 

Code, 30 


Code converters, 528—532 

Codes, 30-35 

Column address strobe (CAS), 674-675 

Combinational logic circuits, 100-151 
algebraic simplification, 102-106, 120 
designing, 107-114 
exclusive-OR, 125-126 
exclusive-NOR, 126-127 
implementing the final design, 

111-113 

Karnaugh map method, 114-124, 265 
multiple outputs, 134 


parity generator and checker, 130-132 


product-of-sums, 101 
simplifying, 102, 120 
sum-of-products, 101 
Command codes, 648 
Command register, 649 
Common-control block, 194, 307. See 
also IEEE/ANSI standard logic 
symbols 
Common input/output pins Gin RAM), 
665-666 
Commutative laws, 69 
Complement. See Inverter 
Complementary MOS logic family. See 
CMOS logic family 
Complementation, 56. See also NOT 
operation 
Complex arithmetic integrated circuits, 
282-283 
Complex mode, 719, 722-724 
Computer interfacing, 750 
Computer words, types of, 753-754 
Computers, 15-17, 563. See also 
Microcomputers 
Conditional jump (branch), 748 
Cl, 193; 365 
Contact bounce, 170 
Control bus, 632, 763 
Control dependency, 326 
Control inputs, 177-178, 189 
Control unit, 16, 750 
Controlled inverter, 128 
Conversion time, ADC, 587, 594 
Converter, data, 652 
Coprocessors, 282 
Count-down clock input, 320 
Counters, 293—367 
asynchronous (ripple), 295-298 
asynchronous (ripple) down, 309 
asynchronous (ripple) propagation 
delay, 310-312 
BCD, decoding, 330 
bit, 516 
cascading BCD, 333-334 
decade, 302—303 
decoding, 327—330, 342 
decoding glitches, 330-333 
digital clock, 350-353 
feedback, with, 340 
frequency, 345-350 
glitches, 300 
integrated circuit asynchronous, 
303-308 
integrated-circuit registers, 353 
Johnson, 342—344 
MOD numbers < 2%, with, 298—303 


multistage arrangement, 323-324 
parallel in/parallel out, 353-357 
parallel in/serial out, 358—360 
presettable, 317-319 
recycle, 296 
ring, 340-342, 494-495 
ripple, 295-298 
serial in/parallel out, 360-361 
serial in/serial out, 357 
74193 (LS193/HC193), 319-324 
shift-register, 340-344 
spike, 300 
synchronous design, 334-340 
synchronous (parallel), 313-315 
synchronous (parallel) down and 
up/down, 315-317 
troubleshooting, 364—367 
word, 516 
Counting 
binary, 9-10 
decimal, 7-8 
hexadecimal, 29 
octal, 25 
operation, 210 
Count outputs, 320 
Count-up clock input, 320 
CT, 307 
CTR, 307 
CULP (universal compiler for 
programmable logic), 730-740 
development cycle, 733-734 
examples, 734-740 
simulator, 733 
source file, 733 
specifying pin assignments, 731-732 
syntax for logic operations, 732 
template for, 731 
test vectors, 733 
Current-mode logic, 242 
Current parameters for digital ICs, 
387-388 
Current-sinking action, 392 
Current-sinking action, TTL, 397 
Current-sinking transistor, TTL, 397 
Current-sourcing action, 392, 397-398 
Current-sourcing transistor, TTL, 398 
Current tracer, 149, 457—458 
Current transients, TTL, 415-416 


D 


D, 193, 326, 363 
D latch, 187-189 
DAC. See Digital-to-analog converter 
Data acquisition, 588-591 
Data bus, 532, 632, 763 
operation, 537-544 
Data converter, 652 
Data distributors, 511-519 
Data lines, 213 
Data lockout, 200 
Data rate buffer, 691 
Data routing, by MUXs, 505-507 
Data selectors, 499-505 
Data storage and transfer, 203-205 
Data tables, 652 
Data word, 540 


Data transfer, 203—205 
and storage, 203-205 
asynchronous, 204 
data busing, 532-534 
demultiplexers, 511-519 
operation, 538 
registers, between, 538-539 
parallel, 186-187, 204-205 
parallel versus serial transfer, 208 
serial, 205—208 
hold-time requirement, 206 
shift registers, 205-208 
simultaneous, 205 
synchronous, 203 
Decade counters, 302—303 
Decimal counting, 7-10 
Decimal point, 7 
Decimal system, 7 
binary-to-decimal conversion, 21 
conversions, 29-30 
decimal-to-binary conversion, 21 
decimal-to-hex conversion, 27-28 
decimal-to-octal conversion, 24 
hex-to-decimal conversion, 27 
octal-to-decimal conversion, 23—24 
Decimal-to-BCD priority encoder 
(74147), 491-495 
Decision making instruction (conditional 
jump), 748 
Decoders, 477—484 
address, 634-635 
applications, 484 
BCD-to-decimal, 483 
BCD-to-7-segment drivers, 485-487 
binary-to-octal, 477 
column, 634 
demultiplexer, 511-519 
ENABLE inputs, 477—480 
4-to-10, 483 
liquid crystal displays (LCDs), 487-490 
1-of-8 ,477 
1-of-10 decoder, 483 
row, 634 
time-share, 506 
3-line-to-8-line, 477 
Decoding counters, 327—330 
glitches, 330-333 
Johnson counter, 342 
Decoupling, power-supply TTL, 416. 
DeMorgan’s theorems, 71-74 
implications of, 72-73 
Demultiplexers (DEMUXs), 511-519 
clock, 513-514 
1-line-to-8-line, 511-513 
security monitoring system, 
applications, 514-516 
Dependency notation, 88-91, 325-326 
&, 88, 307, 536 
BCD/DEC, 496-497 
BIN/OCT, 496-497 
C, 193; 326 
Ci; 193, 303 
CT=0, 307 
CTR, 307 
D; 193,326, 363 
DIVn, 307-308, 325 
> , 88 
G; 326,519 
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Dependency notation, continued 
HPRI/BCD, 497 
=, 308, 326 
1, 89, 363 
P47 
+, 308, 326 


> (Sigma), 282 
/, 303 
SRGn, 363 
=p DOD 
©, 420, 496 
V, 424 
tS, 88, 496 
Depletion MOSFET, 428-429 
Designing combinational logic circuits, 
107-114 
Detecting input sequence, 202-203 
Development cycle (for PLDs), 733-734 
Development software (for PLDs), 
729—730 
Development system (for PLD 
programming), 728-729 
Diagrams 
determining output level from, 60-61 
logic circuit connections, 139-140 
simplified bus, 539-540 
state transition, 210-211 
Differential inputs, 595 
Digital and analog systems, 4—6, 
561-563 
Digital arithmetic, 243-285 
arthmetic circuits, 260-261 
BCD adder, 275-278 
BCD addition, 256-258 
binary addition, 245 
binary division, 256 
binary multiplication, 254-255 
binary multipliers, 278-282 
carry propagation, 268-269 
circuits and operations, 243-285 
full adder, 262 
hexadecimal addition, 258-259 
hexadecimal subtraction, 259-260 
integrated-circuit parallel adder, 209- 
271 
operations and circuits, 243-285 
parallel binary adder, 262-263 
signed number representation, 
246-251 
2’s complement system addition, 252- 
p20, 274 
2’s complement system, multiplication, 
255 
2’s complement system, subtraction, 
253-254, 271-274 
Digital circuits, 12-13. See also Logic 
circuits 
Digital clock, 350-353 
Digital computers, 15-17. See also 
Microcomputers 
Digital integrated circuit logic families. 
See Integrated circuit logic families 
Digital integrated circuits, 13 
Digital number systems, 6-10, 32 
Digital-ramp ADC, 583-588 
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up/down, 600-601 
Digital representation, 3 
Digital storage oscilloscope (DSO), 
607-609 
Digital systems, 4 
concepts, 1-17 
troubleshooting, 140-149, 456-458, 
498-499, 521-524 
typical voltage, 11-12 
typical signal, 11-12 
Digital techniques, 5 
Digital-to-analog converter (DAC), 6, 
563-571 
accuracy, 577-578 
analog output, 565 


analog-to-digital conversion, used in, 


547 
applications, 580 
BCD input code, 570-571 
bipolar, 571 
circuitry, 372-377 
control, used in, 580 
conversion accuracy, 574 
current output, with, 574-575 
full-scale output, 566-567 
input weights, 565-566 
integrated circuit (AD7524), 579 
monotonicity, 579 
offset error, 578-579 
output waveform, 566 
percentage resolution, 567-568 
R/2R ladder, 576 
resolution, 566—568 
settling time, 579 
signal reconstruction, 580 
specifications, 577-579 
staircase, 566 
staircase test, 581 
static accuracy test, 581 
step-size, 566 
troubleshooting, 581-582 
Digital voltmeter, 602-604 
Digitizing analog data,580, 588-591 
reconstructing, 590-591 
Digits, 3, 7 
Diode, Schottky barrier (SBD), 403 
DIP (dual-in-line package), 135 
Disabled state (HI-Z), 421-422 
Displays 
LCD, 487-490 
LED, 485-487 
Distributive law, 69 
DIVn, 307-308, 325 
Dividend, 256 
Division, binary, 256 
Divisor, 256 
D latch (transparent latch), 187-189 
“Don't care” conditions, 123-124 
Down counter. See counters 
DRAM. See Dynamic RAM 
Driver, decoder, 483 
Dual-in-line package, 135 
Dual-slope ADC, 601 
Dynamic RAM (DRAM), 671-672 
address multiplexing, 673-677 
combining ICs, 689 
controllers, 681 
Read/Write cycles, 677-679 


refresh counter, 680 

refresh Enable, 681 

refreshing, 671, 679-682 

row Enable, 681 

structure and operation, 672-677 


E 


ECL integrated circuit family, 13, 424-427. 
See also Emitter-coupled logic 
Edge-detector circuit, 180-181 
Edges, of a clock signal, 176 
Edge-triggered, 176 
EEPROMs (electrically erasable PROMs), 
644-646 
Eight-input multiplexers, 502-504 
8-line-to-3-line encoder, 490-491 
Electrically erasable PROMs (EEPROMs), 
644-646 
Electrical noise, 36 
Electrostatic discharge (ESD), 433-434 
Emitter-coupled logic (ECL), 13, 424-427 
basic circuit, 424-425 
characteristics, 426-427 
OR/NOR gate, 425-426 
ENABLE inputs, decoders, 477—480 
Enabled state, 421 
Encoders, 490—496 
decimal-to-BCD priority, 491-495 
8-line-to-3-line, 490-491 
octal-to-binary, 490-491 
priority, 491 
switch, 492—495 
Encoding, 30 
Enhancement MOSFET, 428-429 
EPROMs (erasable programmable ROMs), 
642-644 
Erasable PLDs, 663 
Erasable programmable ROMs 
(EPROMs), 642-644 
Erase commands, 649—650 
Erase verify command, 650 
Error detection, parity method for, 
36-38 
Even-parity method, 37 
Excitation table, J-K, 335-336 
Exclusive-NOR circuit, 126-127 
Exclusive-OR circuit, 125-126 
Execute cycle, 760 
Executing a machine-language program, 
758-761 


F 


Fan-out, 388 
CMOS, 440 
determining, 407-408 
MOS, 432 
TTL, 406-412 
Fast TTL (74F), 405 
Fetch cycle, 760 
FIFO, 690-691 
Firmware, 651-652 
First-in, first-out memory (FIFO), 
690-691 
555 timer used as astable multivibrator, 
221-222 


Flash ADC, 598-600 
Flip-flops, 15, 162-229 
applications, 200 
asynchronous inputs, 189-192 
bistable multivibrator, 165 
clocked, 176-187 
clocked D, 184-187 
clocked J-K, 182-184 
clocked S-C, 178-182 
clock signals, 176-178 
D (data), 184-187 
D latch (transparent latch), 187-189 
defined, 164 
frequency division and counting, 
209-212 
input sequence detection, 202-203 
latches, 15 
master/slave, 200 
memory characteristics, 165 
NAND gate latch, 165-171, 174-176 
NMOS, 432 
NOR gate latch, 171-174 
override inputs, 189 
related devices, 163-229 
sequential circuits, analyzing, 
219-220 
setup and hold times, 177-178 
shift registers, 205-208 
state on power-up, 173-174 
summary, 227-229 
synchronization, 200-202 
terminology, 169 
timing, 195-200 
troubleshooting circuits, 222-227 
Floating gate, EPROMs, 642 
Floating inputs, 139, 412 
Four-input multiplexers, 501-502 
4000/14000 CMOS Series, 437 
4-to-10 decoder, 483 
Free-running multivibrator, 220-222 
Frequency counters, 345—350 
Frequency division, 209-212, 297 
Full adder, 262, 263-265 
K-map simplification, 265 
Full-scale error (DAC), 577—578 
Full-scale output (DAC), 566-567 
Function generator, 282, 653 
Fuse plot file, 728 
Fusible-link PROMs, 641 


G 


G, 326, 519 
Gates 
AND, 53 
NAND, 65-67 
NOR, 63-65 
OR, 49 
representation choice, 81—87 
Generator 
function, 653 
parity, 130-132 
Generic array logic (GALI16V8A), 
716-727 
ACO bit, 720 
architecture control word, 719 
complex mode, 719, 722-724 


output logic macro cells (OLMC), 
716-718 
product disable bits (PTD), 720 
product term multiplexer (PTMUX), 
718 
registered mode, 719, 720-722 
simple mode, 719, 720-722 
sum-of-products, 716 
SYN bit, 720 
Glitches, 300, 330-333 
Gray code, 33 


H 


Half adder, 266 

Hexadecimal arithmetic, 258-260 
Hexadecimal number system, 27—30 
High-level languages, 758 

High-speed CMOS, 74HC/HCT, 438 
High-speed TTL, 74H Series, 402—403 
HIGH-state noise margin (Vx), 390-391 
Hold time (ty), 177, 195, 206 
HPRI/BCD, 497 

Hybrid systems, 6 


I 


IEEE/ANSI standard logic symbols, 87—91, 
192-194, 283, 325-326, 363-3064, 
423-424, 497, 519-521, 527 

AND, 88 

buffer, 496 

common-control block, 194, 307, 363 

counter (74293), 307 

counting direction, 326 

D flip-flop, 194 

D latch, 192 

definition, 87—88 

dependency notation (see Dependency 
notation) 

driver, 496 

exclusive-NOR, 127 

exclusive-OR, 125 

flip-flops, 192-194 

for complex ICs, 90-91 

full-adder, 283 

inverter, 88 

J-K flip-flop, 193 

magnitude comparator, 527 

monostable multivibrator, 218 

NAND, 88 

NOR, 88 

one-shot, 218 

open-collector output, 420 

OR, 88 

parallel adder, 4-bit, 283 

tristate outputs, 424 

Inactive, 86 

Indeterminate voltages, 138-139 

Inhibit circuits, 55, 132—135 

Input/output interface chips, 17 

I/O ports, 763-764 

Input sequence detection, 202-203 

Input unit, 16, 749 

Instructions, multibyte, 756-757 

Instruction words, 755-757 


Integrated-circuit logic families, 385—458 
basic characteristics, 135-140 
bipolar, 130-138, 424 
defined, 386—387 
ECL, 424-427 
interfacing, 448—454 
MOS (see MOS logic family) 
terminology, 387-394 
TTL (see TTL logic family) 
unipolar, 136-138 

Integrated-circuit packages, 393-394 

Integrated-circuit parallel adder, 269-271 

Integrated-circuit registers, 353 
parallel in/parallel out, 353—357 
parallel in/serial out, 358—360 
serial in/parallel out, 360—361 
serial in/serial out, 357 

Integrated circuits. See Integrated circuit 

logic families 

Integrated-circuit shift-register counters, 

3.44 

Interfacing 
computer, 750 
integrated circuit, 448-454 
with the analog world, 560—609 

Internal memory. See Memory 

Interrupt (CPU), 764 

Invalid voltage levels, 392 

Inversion, 47, 56 

Inverted flip-flop output, 164 

Inverter, 56—57 
circuits containing, 58-59 
controlled, 128 

Inverting tristate buffer, 422-423 


A 


Jam transfer, 204, 317 
JEDEC file, 729 

J-K excitation table, 335—336 
Johnson counter, 342—344 
Jump, 748 


K 


Karnaugh map 114-124 
complete simplification process, 120 
“Don’t Care” conditions, 123-124 
format, 115-116 
looping, 116-120 
simplification, 265 
summary, 124 


L 


Labeling active-LOW signals, 87 

Labeling bistate signals, 87 

Languages,758 

Large-scale integration (LSD, 135-136 

Latches, 15, 165-174, 187-189. See also 
Flip-flops 

Latch-up, 442 

LCDs, 487-490 

Least significant bit (LSB), 8-10 
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Least significant digit (LSD), 7 
Light-emitting diodes (LEDs), 485-487 
Limits of digital techniques, 5 
Linearity error (of a DAC), 577-578 
Liquid crystal displays (LCDs), 487-490 
Loading factor, 388 
Loading TTL, 4060-412 
Logical complementation or inversion 
(NOT operation), 56-57 
Logic circuits 
analyzing, 85, 219-220 
arithmetic, 260—285 
combinational (see Combinational logic 
circuits) 
connection diagrams, 139-140 
defined, 12 
describing algebraically, 57-59 
determining output from diagram, 
60-61 
enabled, 132 
evaluation of outputs, 59-61 
implementing from Boolean 
expressions, 61-63 
inhibited, 132 
interface, 448 
logic gates (see Logic gates) 
memory elements (see flip-flops) 
pulse-shaping circuit, 297-298 
pulse-steering, 134 
Logic function generation, 509-510 
Logic gates 
alternate representation, 78-81 
AND, 53-54 
Boolean theorems, 67—71 
DeMorgan’s theorems, 71-74 
evaluation of outputs, 59-61 
IEEE/ANSI representations, 87-91 
make-up, 47 
NAND, 65-67 
noninverting, 79 
NOR, 63-65 
NOT circuit UNVERTER), 56—57 
OR, 49-50 
representation choice, 81-87 
truth tables, 48 
Logic level, 47 
Logic operations, 47 
Logic probe, 141-149, 457 
Logic pulser, 456—457 
Logic signals, labeling, 87 
Logic-symbol interpretation, 79-81 
Look-ahead carry, 269 
Looping, 116-120 
Low-power Schottky TTL, 404 
Low-power TTL, 74L series, 402—403 
LOW-state noise margin (Vx1), 391 
Low-voltage technology, 455-456 
LSI, 135-136 


M 


Machine-language program execution, 
758-761 

Magnetic bubble memory (MBM), 624 

Magnetic disk memory, 624 

Magnetic tape memory, 624 

Magnitude of binary numbers, 246 
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Magnitude comparator, 524-527 
applications, 527 
cascading inputs, 525-526 
data inputs, 524 
IEEE/ANSI symbol, 527 
outputs, 524-525 
Mainframe, 17 
Major parts of a computer, 16 
Mask-programmed ROM (MROM), 
638-640 
Mass memory, 627 
Mass storage devices, 623 
Master reset, 305, 520 
Master/slave flip-flops, 200 
Maxicomputers, 17 
Maximum clocking frequency (fax), 
195-196 
Medium-scale integration (MSD, 
135-136 
Memory, 15 
auxiliary, 623, 627 
bubble, 624 
devices, 621-701 
bipolar static RAM cell, 667 
bootstrap, 652 
capacity, 625 
cell, 624 
chips, 17 
connections, CPU, 630—632 
density, 625 
disk, 624 
dynamic, devices, 626 
enable, 629 
expanding, 682-689 
first-in, first-out (FIFO), 690-691 
flash, 624, 647-651 
general operation, 627—630 
internal, 623, 627 
main, 623 
mass, 627 
module, 683 
NMOS static RAM cell, 667 
nonvolatile, 632 
random-access, 626 
read-only, 626 
Read/Write, 626 
sequential-access, 626 
special functions, 689-691 
static, devices, 626 
store, 625 
tape, 624 
terminology, 624-627 
unit, 16, 748-749 
volatile, 626 
word, 624 
working, 623 
Memory elements. See flip-flops 


Metal-oxide-semiconductor logic family. 


See MOS logic family 
Microcomputers 

applications, 212-214 
basic elements, 751-753 
basic system organization, 748-751 
computer words, types, 753-754 
defined, 17, 746 
input unit, 16, 749 
instruction words, 755-757 
interfacing, 750 
introduction, 744-766 


machine-language program execution, 
758-761 
memory unit, 16, 748-749 
microprocessor (see Microprocessor) 
multibyte instructions, 756-757 
multiple-address instructions, 750-757 
output unit, 17, 749-750 
single-address instruction, 755 
structure, 761-764 
timing, 764 
Microprocessor, 17, 752-753 
arithmetic/logic unit (ALU), 748, 753 
introduction, 745-745 
READ operation, 631 
register section, 752-753 
timing, 764 
timing and control section, 752 
WRITE operation, 631 
Minicomputers, 17 
Minimum-change codes, 33 
Minuend, 253 
=» 306, 326 
Mnemonic, 758 
MOD number, 211, 296-297 
changing, 301—302 
Johnson counter, 343-344 
ring counter, 341 
variable, using the 74193, 323-324 
Monostable multivibrator, 220-221. See 
also One-shot 
Monotonicity (of a DAC), 579 
MOS logic family, 427-434 
characteristics, 432-434 
complementary (see CMOS logic 
family) 
electrostatic discharge (ESD), 433-434 
fan-out, 432 
MOSFETs, 427-434 
NMOS, 430-432 
operating speed, 432 
power drain, 432-433 
process complexity, 433 
static sensitivity, 433 
MOSFET, 13, 427-434 
MOSFET switch, basic, 429 
Most significant bit (CMSB), 8-9 
Most significant digit (MSD), 7 
MROM. See Mask-programmed ROM 
MSI. See Medium-scale integration 
MSI logic circuits, 475-544 
BCD-to-decimal, 483 
BCD-to-7-segment decoder/drivers, 
485-487 
data busing, 532-534 
decoders, 477—484 
demultiplexers (DEMUXs), 511-519 
encoders, 490—496 
liquid crystal displays (LCDs), 487-490 
multiplexers (MUX), 499-505 
tristate registers, 534-530 
Multibyte instructions, 756-757 
Multiple-emitter input transistor, 394 
Multiple outputs, logic circuits with, 134 
Multiplexers (MUX), 499-505 
applications, 505-510, 514-515, 676 
eight-input, 502-504 
four-input, 501-502 
Operation sequencing, 508-509 
quad two-input, 504-505 


two-input, basic, 500-501 
Multiplexing, 500 

ADC, 606-607 

address (in DRAM), 673—677 
Multiplicand, 278 
Multiplication 

AND, 53 

of binary numbers, 254-255 

software, 281-282 

in the 2’s-complement system, 255 
Multipliers, binary, 278-282 
MUX. See Multiplexers 


N 


NAND gate, 65—67 
alternate representation, 78—81 
CMOS, 436 
counter decoding, 327—330 
defined, 65 
internal circuitry of edge-triggered J-K 
FF, 183-184 
internal circuitry of edge-triggered S-C 
FF, 180-181 
latch flip-flop, 165-171 
NMOS, 431 
representation choice, 81-87 
TTL, 399-402 
universality of, 74-78 
Negation, 249 
Negative-going threshold voltage (Vr-), 
214 
Negative-going transition (NGT), 176 
Nixie tube, 330 
NMOS logic family, 13 
logic circuits, 430-432 
noise margins, 432 
operating speed, 432 
NMOS static RAM cell, 667 
Noise, 5, 223 
Noise immunity, 390-391 
Noise margin, 390 
DG, 391 
CMOS, 439 
NMOS, 432 
Nonretriggerable one-shot, 216-217 
Nonvolatile memory, 632, 642 
NOR gate, 63—65 
alternate representation, 78-81 
CMOS, 436-437 
defined, 63 
ECL, 425-426 
latch, 171-174 
NMOS, 432 
representation choice, 81-87 
set-clear flip-flop, 171-174 
universality of, 74-78 
Normal flip-flop output, 164 
NOT circuit (NVERTER), 56—57 
alternate representation, 78-81 
CMOS, 434-437 
circuits containing, 58—59 
controlled inverter, 128 
defined, 56—57 
DeMorgan’s theorems, 71—74 
implementing from Boolean 
expressions, 61—63 
NMOS, 430-431 


representation choice, 81—87 
symbol, 56 

NOT operation, 47, 56—57 

Notation, dependency. See Dependency 

notation 

Number systems, 6-10, 20—40 
binary, 8-9 (see also Binary system) 
codes, 30-35 (see also Binary codes) 
comparison between, 32 
digital, 6-10 
decimal, 7 (see also Decimal system) 
hexadecimal, 27—30 
octal, 23-26 
review, 38—40 

Numerical representations, 3—4 


O 


Observation/analysis, troubleshooting 
process, 498-499 
Octal number system, 23-26 
summary, 29-30 
Octal point, 23 
Octal-to-binary encoders, 490-491 
Octets, looping, 119-120 
Odd-parity method, 37 
Offset error, 578—579 
1, 89, 303 
1-line-to-8-line demultiplexers, 
911-513 
1-of-8 decoder (converter), 477 
1-of-10 decoder, 483 
1’s-complement form, 246 
One-shot Gnonostable multivibrator), 
216-218 
Op code, 755 
Open-collector buffer/drivers, 
418-419 
Open-collector outputs, 417-419 
decoders, 483 
TTL, 417-419 
Operand, 748, 755 
Operand address, 748, 755 
Operational amplifier Gin a DAC), 
572-573 
Operational code, 755 
OR gate, 49-53 
alternate logic-gate representation, 
78-81 
Boolean theorems, 67-71 
circuits containing, 58—59 
defined, 49—50 
ECL, 425-426 
implementing from Boolean 
expressions, 61—63 
symbol, 49 
OR operation, 47, 49-53 
representation choice, 81—87 
summary, 50 
Oscillator, Schmitt-trigger, 221 
Output buffers, ROM, 634 
Output enable time (tor), 637 
Output logic macro cells (OLMC), 
716-718 
Output unit, 17, 749-750 
Overflow bit, 266 
Override inputs, 189 


P 


P, 527 
Pairs, looping, 116-117 
PAL, 658-660 
Parallel and serial transmission, 13-15 
Parallel binary adder, 262-263 
catry propagation, 268-269 
complete, with registers, 266-268 
integrated circuits, 269-271 
troubleshooting case study, 283-285 
2’s-complement system, 271-274 
Parallel counters. See Synchronous 
(parallel) counters 
Parallel data transfer, 186-187, 204-205 
versus serial transfer, 208 
Parallel in/parallel out, 353—357 
Parallel in/serial out, 358—360 
Parallel-to-serial conversion, 507 
Parallel transmission, 13-15 
Parasitic, 442 
Parity 
bit, 37-38 
checker, 130-132 
checking, 38 
error detection, 36—38 
generator, 130-132 
Pascal language, 758 
Percentage resolution, 567—568 
Peripherals, 750 
PLA. See Programmable logic array 
PLD. See Programmable logic devices 
+, 308, 326 
Polarity fuse, 661 
Positional-value system, 7 
Positive-going threshold voltage (Vr-), 
214 
Positive-going transition (PGT), 176 
Power down (in MROM), 640 
Power-down storage, 689-690 
Power requirements for digital ICs, 
989-590 . 
Power-supply decoupling, TTL, 416 
Power-up self-test, RAM, 697 
Precision reference supply, 574 
PRESET, 190 
Preset inputs, 320 
Presettable counters, 317—319 
Priority encoders, 491 
Product disable bits (PTD), 720 
Product-of-sums, 101 
Product term multiplexer (PTMUX), 
718 
Program 
commands, 650 
defined, 5, 16, 746 
execution, 760-761 
Program counter (PC), 753, 760 
Programmable logic, 150-151 
Programmable logic array (PLA), 
660-661 
field-programmable (FPLA), 661, 741 
polarity fuse, 661 
programmable output polarity, 661 
Programmable logic devices (PLDs), 
150-151, 654-663, 714-741 
architecture, 656-658 
basic idea, 654-655 
development software, 729-730 
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Programmable logic devices (PLDs), 

continued 

erasable (EPLDs), 663 

final comments, 740-741 

fuse map, 662 

generic array logic (GAL16V8A), 
716-727 

input lines, 654 

other features, 661 

PAL (programmable array logic), 
658-660 

product lines, 654 

programming, 151, 654, 662-603, 
727-729 

simplified example, 150 

symbology, 656 

universal compiler for programmable 
logic (CULP), 730-740 


Programmable logic sequencer (PLS), 661 


Programmable ROMs (PROMs), 640-042 
Programmers, 746 
Program verify command, 651 
PROMs (programmable ROMs),640—0642 
Propagation delays (tpiy/tru), 
in asynchronous counters, 310—312 
flip-flop, 195 
integrated circuits, 388 
TTL NAND gate, 401 
Pull-down transistor, TTL, 397 
Pull-up transistor, TTL, 398 
Pulse-shaping circuit, 297-298 
Pulse-steering circuit, 134, 180-181 


Q 
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Quads, looping, 118-119 

Quad two-input multiplexers, 504-505 
Quasi-stable state, 216-217 
Quantization error, 586 


R 


R, 193, 363 
R/2R ladder digital-to-analog converters, 
576 
RAM (random-access memory), 
architecture, 664—666 
capacity expansion, 684-689 
defined, 626 
dynamic devices, 626 
power-up self-test, 697 
semiconductor, 663—664 
static (SRAM), 667—670 
troubleshooting, 692-699 
word size expansion, 682-684 
Random-access memory. See RAM 
Read command, 649 
Read only memory. See ROM 
Read operation 
CPU, 631 
defined, 625, 763 
RAM, 6064 
Read/write memory (RWM), 626 
Read/Write input (R/W), 628-629 
Reconstructing a digitized signal, 
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Rectangular symbols. See IEEE/ANSI 
symbols 
Reflective LCDs, 487 
Refresh counter, 680 
Refreshing, DRAM, 626, 671, 679-682 
Registers, 203 
A, 262 
accumulator, 261 
address pointer, 691 
B, 261 
complete parallel adder with, 266-268 
counters and, 293—367 
hold (data), 534 


integrated circuit (see Integrated circuit 


registers) 
load (data), 534 
notation, 267-268 
shift left operation, 208 
transfer between (see Data transfer) 
tristate, 534-536 
Register array, 634 
Registered mode, 719, 725-727 


Register section, microprocessor, 752—753 


Repeated division method, 22 
Representing binary quantities, 10-12 
Representing signed numbers, 246-251 
using 2’s complement, 247-248 
RESET, 190 
Reset state, 167 
Resetting a flip-flop, 169 
Resolution, 568 
ADC, 586 
DAC, 566-567, 577 
Resolution, percentage, 567-568 
Retriggerable one-shot, 216-217 
Ring counter, 340—342, 494-495 
in circuit, 494 
starting a, 342 
state diagram, 341 
Ripple counters. See Asynchronous 
counters 
ROM (read-only memory), 632-647 
applications, 651-653 
architecture, 634-636 
block diagram, 632-634 
burning in, 632 
column decoder, 634 
defined, 626 
erased, 632 
mask-programmed, 638-640 
output buffer, 634, 636 
programming, 632 
READ operation, the, 634 
row decoder, 634 
testing, 700-701 
timing, 636-637 
types of, 637-646 
Row address strobe (RAS), 674-675 
RWM, 626 


S 


5,195 

SAM (sequential-access memory), 626 
Sample-and-hold circuits, 604-605 
Sampling interval, 346 

SBD, 403 

Schmitt-trigger devices, 214-215 
Schmitt-trigger oscillator, 221 


Schottky barrier diode (SBD), 403 
Schottky TTL, 74S Series, 403-404 
Sector erase, 647 
Security monitoring system, 514-516 
Select inputs, (in MUXs) 500 
Sense amplifier (in DRAM), 673 
Sequential-access memory (SAM), 626 
Sequential circuits 
analyzing, 219-220 
design, 334-340 
Sequential logic systems, 
troubleshooting, 363—367 
Serial data transfer, 205-208 
Serial in/parallel out, 341 
Serial in/serial out, 357 
Serial multiplier, 279-280 
Serial transmission, 13—15 
Set state, 166 
Set-up erase, 649-650 
Set-up program, 650 
Setting the flip-flop, 166,167 
Settling time, of a DAC, 579 
Setup time (ts), 177, 195 
74AS TTL series, 404 
74ALS TTL series, 404—405 
74F-Fast TTL series, 405 
74H TTL series, 402—403 
74LS TTL series, 404 
74S TTL series, 403—404 
Shift-register counters, 340-344 
Shift registers, 205-208 
bidirectional universal, 362 
left, 208 
octal (8-bit), 362 
parallel in/parallel out, 353-357 
serial in/serial out, 357 
Sigma (X), 270, 282, 283 
Sign bit, 246 
Sign-magnitude system, 246 
Signed numbers, representing, 246-251 
Simple mode, 719, 720-722 
Single-address instruction word, 755 
Skew, clock, 225 
Small-scale integration (SSI), 135-136 
Software multiplication, 281-282 
Source file, 733 
Special memory functions, 689-691 
Speed-power product, 390 
Spike, 300 
SRGn, 363 
SSI, 135-136 
Staircase test, DAC, 581 
Staircase waveform, DAC, 566 
State table, 210 
State transition diagram, 210-211 
Mod-6 counter, 300 
Mod-8 down counter, 310 
synchronous counter, 337 
Static accuracy test, DAC, 581 
Static RAM (SRAM), 667—670 
Step-size, 566 
Storage, auxiliary, 653 
Straight binary coding, 30 
Strobe inputs (in DRAM), 675 
Strobing, 332-333 
Subtraction 
hexadecimal, 259-260 
2’s-complement system, 253-254, 
271-274 


Substrate, 135 
Subtrahend, 253 
Successive-approximation ADC, 591—598 
Sum bit, 262 
Sum-of-products form, 101 
Sum-of-products (GAL 16V8A), 716 
Supercomputers, 17 
Switch, bilateral, 445-448 
Switch debouncing, 170 
Switch encoders, 492—495 
SYN bit (GAL 16V8A), 720 
Synchronization, flip-flop, 200-202 
Synchronous control inputs, 177 
Synchronous (parallel) counters, 313—315 
actual ICs. 316 
advantages over asynchronous, 314 
design, 334-340 
down and up/down, 315-317 
presettable, 317—319 
Synchronous data transmission system, 
516-519 
Synchronous inputs, 177, 189-192 
Synchronous presetting, 317—319 
Synchronous systems, 176-177 
Synchronous transfer, 203 


T 


Table 
J-K excitation, 335 
circuit excitation, 337 
state, 210 
Temporary storage, RAM, 664 
Terminal count-down, 321 
Terminal count outputs, 320-321 
Terminal count-up, 320 
Test vectors, 733 
Theorems 
Boolean, 67-71 
DeMorgan’s, 71—74 
multivariable, 68 
3-line-to-8-line decoder, 477 
Tied-together inputs, TTL, 413 
Time-division-multiplexed, 516 
Time-share, decoder/drivers and 
displays, 506 
Timing diagram, 13 
simplified bus, 539-540 
Timing problems in flip-flop circuits, 
198-200 
Toggle mode, 182 
Toggles, 9 
Totem-pole output circuit, 398 
Tracking ADC, 600-601 
Tradeoffs (for nonvolatile memories), 648 
Transducer, 562 
Transfer operation, 203 
Transistor-transistor logic family. See TTL 
logic family 
Transition diagram, state, 210-211 
Transmission gate, CMOS, 445—448 
Transparent latch (D-latch) 187-189 
Trigger input, 180 
Tristate 
buffers, 422—423 
data bus, 423 
ICs, 423 
registers, 534—537 


Tristate TTL, 420—424 
advantages of, 422 
Troubleshooting 
basic steps, 140-141 
case study, 147-149, 283-285 
counters, 364—367 
decoders, circuit with, 498—499 
digital-to-analog converters, 581—582 
digital systems, 140-149, 456—457 
external IC faults, 146-147 
finding shorted nodes, 457 
flip-flop circuits, 222-227 
internal IC faults, 141-145 
multidigit BCD counter display circuit, 
521-522 
observation/analysis, 498—499 
parallel binary adder/subtractor, 
283-285 
RAM systems, 692—699 
security monitoring system, 523-524 
sequential logic systems, 364—367 
synchronous data transmission system, 
523-524 
tools used in, 141, 149, 456—457 
Truth tables, 48 
TTL logic family, 1360-137, 394—399 
active pull-up action, 398 
AS series, 137 
ALS series, 147 
biasing inputs LOW, 414 
circuit operation-HIGH state, 396—397 
circuit operation-LOW state, 395-396 
CMOS driving, 451—454 
comparison of series characteristics, 
405 
comparison with CMOS series, 442 
connecting outputs together, 416-420 
current-sinking action, TTL, 397 
current transients, TTL, 415—416 
data sheets, manufacturers, 399—400 
defined, 13 
driving CMOS, 449-451 
driving high-voltage CMOS, 450-451 
fan-out, 401, 406-412 
fast series (74F), 405 
ground, 138 
high-speed, 74H series, 402—403 
improved series, 402—406 
INVERTER, 136 
loading, 406-412 
logic-level voltage ranges, 138-139 
low-power Schottky, 74LS series, 404 
low-power, 74L series, 402—403 
LS series, 137 
maximum voltage ratings, 401 
INAND gate, basic, 395 
NOR gate, basic, 398 
open-collector outputs, 417—418 
other characteristics, 412—416 
power dissipation, 401 
S. Series. 15/ 
Schottky, 74S series, 403—404 
standard series characteristics, 399-402 
subfamilies, 136-137, 402—406 
supply voltage, 138, 400 
temperature range, 400 
tied-together inputs, 413 
totem-pole output circuit, 394, 398 
tristate, 420-424 


unconnected inputs, 139, 412 

unused inputs, 412-413 

voltage levels, 400—401 
Twisted-ring counters, 342 
Two-input multiplexer, basic, 500-501 
2’s-complement 

addition, 252-253 

form, 247 

representation, 249-250 

subtraction, 253-254 

system, 246, 255, 271-274 


U 


Ultralarge-scale integration (ULSD, 
135-1306 
Unasserted levels, 86 
Unconnected inputs, TTL, 412 
Unidirectional bus, 763 
Unipolar digital ICs, 136. See also CMOS 
logic family 
Unit load (U.L.), 409 
Units bit, 10 
Universal compiler for programmable 
logic (CULP), 730-740 
Universality of NAND gates and NOR 
gates, 74-78 
Unconnected inputs 
ITE, 139, 412 
CMOS, 139, 441 
Unused inputs 
TTL, 139, 412-413 
CMOS, 139, 441 
Unweighted code, 33 
Up counter. See Counters 
Up/down digital-ramp ADC, 600-601 
UV light, EPROMs, 643 


Vv 


Variable frequency-divider, 323 

Very large-scale integration (VLSD, 
135-136 

Volatile memory, 626 

Voltage controlled oscillator (VCO), 601 

Voltage levels, invalid, 392 

Voltage level-translator, 451, 454 

Voltage parameters for digital ICs, 
387-388 

Voltage-to-frequency ADC, 601 

Voltmeter, digital, 602-604 


W 


Wired-AND connection, 418 
Word 
counter, 516 
defined, 753 
size, 753 
Write operation, 625-626, 763 
RAM, 664 


Z 


Zero count, 9 
Zero insertion force socket (ZIF), 728 
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